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An electron swarm consists of ‘a small number density n of electrons in a gas of much higher number
density N. The mean energy and energy distribution of such a swarm are determined by the value
of E/N, where E is the electric field. At any given value of E/N the swarm may be characterized by
the values of eight parameters, viz; drift velocity, diffusion coefficient, (diffusion coefficient)/mobility,
excitation coefficient, electron attachment coefficient, electron detachment coefficient, ionization
coefficient. recombination coefficient. In this survey, data on these parameters obtained by a variety
of experimental techniques are collected, discussed, and compared graphically. Also included on the
graphs are computed values of the parameters obtained in many cases from cross sections and energy
distributions chosen to give the best fit with the swarm data. Selected tabulations of the data are also
given except in cases for which the accuracy of the data is not sufficient to warrant numerical presenta-
tion. The mean energy of the electron swarms ranges from thermal to several electron volts and the
gases for which data are given are the rare gases, the common molecular gases (Hz, Nz, Oz, CO, NO,
CQ;, NO;) and air. The survey also contains an extensive bibliography which includes references (i)
to publications on electron swarms in a much wider range of gases than those for which data are given
and (ii) to papers concerned with energy distributions, conductivity, and ionization coefficients in crossed
electric and magnetic fields in addition to those relating to the eight parameters listed above.
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electron detachment coefficient; electron diffusion coefficient; electron drift velocity; electron
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Introduction

In order to understand many types of plasma and
ionized gases, a knowledge is required of the behavior
of mixed swarms of charged and neutral particles under
various conditions of pressure {pariicle density) and
temperature in the presence of electric and magnetic
fields.

The behavior of electron swarms is characterized by
a number of parameters that are determined experi-
mentally in the laboratory. These parameters may, for
convenience, be listed as follows:

(1) the drift velocity W of the electrons in an electric

field E;

(2) the ratio of the diffusion coefficient D to the drift
velocity, usually expressed as D/u where u=W/E
is the mobility; this ratio is a measure of the mean
energy of the electrons;

(3) the diffusion coefficient of electrons D;

(4) the electron attachment coefficient 7;

(5) the detachment coefficient of electrons from
negative ions & (strictly a property of ion
swarms but often measured in electron swarm
experiments);

(6) the electron excitation coefficient €;

(7) the primary ionization coefiicient a;

(8) the cocfficient of recombination of electrons with
positive ions .

Values of the above coefficients are usually deter-
mined for gas pressures in the range from about 1 to
1000 Torr (number density N from about 3.5X 10 to
3.5X 10" molecules/cm3) at neutral gas temperatures
in the range from about 50 to 500 K. By definition, the
number density of electrons in a swarm is much less
than that of the gas in which it moves, and the dominant
collisions are consequently those between electrons and
gas atoms. Thus, since the determination of most of the
above properties requires the application of an electric
field, the mean energy of the electrons is in general
higher than that of the neutral gas (up to typically a
factor of 50 times greater at E/N~ 150X 10-17V. cm?)
and the electron energy distribution is not Maxwellian.

In some experiments, however, especially in most of
those on recombination and on the measurement of
eoefficients at very low values of EIN. the electrons have
a Maxwellian distribution. In these cases, rate coeffi-
cients determined in the laboratory may be directly
applicable, for example, to processes occurring in the
ionosphere.

Among the interactions of importance in determining
the behavior of swarms are those of electrons with
neutral particles, electrons with jons, and negative ions
with neutral particles. Thus, in addition to their intrinsic
value, the swarm data can be used to supplement
information obtained from direct measurements of
cross sections. The use of swarm data is of particular
value both for the determination of cross sections at
low electron energies, where direct measurements of
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cross sections are notoriously difficult, and for obtain-
ing information about three-body processes which are
insignificant at the particle densities usually used in
beam experiments.

In order to obtain cross seriions from swarm data it
is, however, necessary to know the energy distribution
under the conditions of the experiment, and this
presents considerable difficulties. Little experimental
evidence on electron energy distributions under swarm
conditions is available, although there have been a few
recent measurements [1651].3 There have been con-
siderable recent theoretical advances in the treatment
of the problem [181, 218, 260, 1062, 2553}, in which self-
consistent sets of cross sections for momentum transfer
and for some inelastic processes have been obtained.
The method used was 1o assume reasonable, energy-
dependent cross sections, to integrate the Boltzmann
equation numerically in order to obtain an energy
distribution, and then to use this distribution together
with the assumed cross sections to determine certain
swarm coefficients such as W and D/u. The assumed
cross sections were then adjusted in order to give the
best fit between calculated and observed swarm data.

Eventually, it is conceivable that the stage may be
reached . at which the cross sections of all electron
collision processes are known, together with the energy
distribution of an clectron swarm under any given set
of conditions. At present, however, the coefficients
representing the behavior of the swarm form a necessary
“half-way house,” as it were, giving information that is
useful in the solution of a wide range of fundamental
and applied problems, from the determination of cross
sections and energy distributions on the one hand, to
the understanding of the behavior of ionized gases in
laboratory devices and in astrophysical phenomena on
the other. There is thus considerable need for an up-to-
date compilation of available data, and towards this end
a bibliography of electron swarm data was started in
1966. An interim version of this bibliography appeared
as JILA Information Center Report No. 4 in October
1967. This bibliography has been completed and brought
more up-to-date and is given below in sections 4 and 5.
In addition, a data survey for the inert and the more
common molecular gases has been carried out and is
given in section 3. The effective terminal date for the
comprehensive literature search for the bibliography
was December 1968, but a more selective search, related
to the data survey but including other bibliographic’
material, was continued until the end of 1972.

2. Selection and Arrangement of Data

2.1. Symbols and Units

As mentioned in section 1, the mean energy of an
electron swarm in a given gas depends on the value of
E/N. Thus the coefficients which characterize the

+ Nlumbers in brackets refer to references listed in section 5.2.
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hehavior of swarms are usually presentied as functions
of E/N. Until recently, however, it has been common
practice to use E/p, (where po is the gas pressure
reduced to 0 °C) rather than E/N and in view of this both
E/ps and E/N are given in all graphs in order to help
familiarize the conversion from E/p, to E/N. An in-
creasingly widely used unit in which to express the
value of E/N is the Townsend (1 Td=10-17V cm?2), first
suggested by Huxley, Crompton, and Elford (Brit. J.
Appl. Phys. 17, 1237, 1966).

With  the exception- of the drift velocity and the
diffusion coefficient, the coefficients with which we are
concerned can be expressed either (a) as rate coeffi-
cients or (b) as coefficients per unit drift distance in the
direction of the electric field. There appear to be no
generally agreed symbols for the full range of coefh-
cients discussed, so in an attempt to achieve at least
internal consistency, the following nomenclature is
used here:

a) Rate coefficients” are denoted by the appropriate
lowercase type symbol with a suffix when appropriate
to denote whether it is a two-body or a three-body
reaction, e.g., the symbol representing three-body
attachment rate coefficient is as;

b) Coefficients (per unit drift distance) are denoted
by a lowercase Greek letter, e.g., the symbol for the
attachment coefficient per unit drift distance is . If
the nature of the reaction is known, a subscript is added
to denote whether it is a two- or three-body reaction,
-e.g., na denotes the three-body attachment coeflicient.

The relationship of the rate coefficient per unit drift
distance to the collision frequency depends on the nature
of the process. For a two-body process (such as ioniza-
tion or radiative attachment, for example) the collision
frequency for a given process v, say, is related to the
“coefficient 11, and the rate coefficient p» for this process
by

dn=nllydx= nl'ledt = andl = npszt,

where dn is the number of new electrons formed by a
concentration n electrons in a drift distance dx or in a
time dt and W is the electron drift velocity.

Thus Ily=v,/W =p,N/W, Il, being in units of cm~1,
voin s~! and pein cm3s-1L

For three-body processes (such as three-body attach-

ment or recombination) on the other hand, the collision

frequency vy, coefficient per unit drift distance I,
and rate coefficient p; for the process are related by.

dn= nllzdx = nll;Wdt= nvsdt = npsNdt,

so that [1,=v./W = p.N2(W, I1; being in units of cm ™1,
vz in 51 as before, but p; in cm®s-1 '

A complete list of the symbols assigned to each of the
coefficients and other parameters together with the units
in which they are measured is given in section 6.

2.2. Scope and Arrangement of Datc

An arbitrary choice has been made to limit the data
presented to those gases that are of most general
interest, viz: the monatomic gases, the common molecu-
lar gases Hz, N2, O2, CO, NO, CO;, and air.

The aim is to provide a collection of the most reliable
data on these gases and in order to avoid confusion,
much of the earlier data, which has been superseded by
values obtained with higher purity gas samples, is
omitted. Since the coefficients are dependent on E/N
rather than on E/p, results from papers that do not give
the gas temperature 1o which the gas pressure curres-
ponds are excluded unless there is a dearth of other
data available. In these cases, the values of E/N are
calculated assuming a stated value of the temperature
and if they are the only data available the values of
EIN are designated by (E/N)gs in graphs and tables.
Other considerations relevant to specific coefficients
are given in the introduction to the appropriate section
and in the text accompanying the diagrams.

The collected data are presented in both graphical
and tabular form. Except for data excluded for the
reasons given above, an attempt has been made to
include all published data for the coefficient involved
on any given graph. Thus the graphs provide an indi-
cation of the amount and range of data available in
each case and of the degree of agreement which exists.

On the other hand, the tables which are grouped at
the end of each section have mostly been prepared
with a view to providing usable accurate sets of nu-
merical values (where these are available) rather than
for comparative purposes. Thus, for cases in which
there are a number of sets of experimental and theo-
retical results in good agreement, if there is an experi-
mental set of data which seems more accurate than the
others, this has often been the only set tabulated. Where
there are no published experimental values, theoretically
computed values have been used in some cases.

For the coefficients discussed in sections 3.1 to 3.7,
however, the theoretical resulis have, in most cases,
been obtained, as indicated in the text, by using cross
sections -chosen to give the best fit with the experi-
mental swarm data. The theoretical values on the
graphs in these sections thus do not provide an in-
dependent confirmation of the experimental data,
themselves. They are included on the figures to show the
cases in which such calculations have been made and
the degree of agreement which has been achieved
using this procedure. In section 3.8, .on the other
hand, the theoretical values for the recombination
coefficient do not depend on the experimental values
for r and thus, where they exist, provide an independent
comparison.

Where there is a considerable spread in the available
data and no clear reason to prefer one set of data over
the others, no table has been included because values,
accurate to within the spread, can readily be vbtained

J. Phys. Chem. Ref. Datq, Vol. 4, Ne. 3, 1975
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from the graphe. Thenretical data zre often presented as

continuous curves in the original papers and the theo-
retical poinis on many of the graphs given in this review

represent no more than an arbitrary selection of points.
chosen at sufficiently frequent intervals on the original
curves to indicate their trend. There may this well he
more points given on the graphs than were originally
calculated. Occasionally, in figures on which there are a
large number of results in close agreement, a few of the
intermediate points in some sets of data have been
omitted for clarity. Unless otherwise stated the data
given were obtained at ambient temperatures. Tem-
perature is mentioned for specific cases only when data
are given for both ambient and other temperatures.

2.3. Method of Preparation of Figures and Tabies

Where the original data were published in tabular
form, figures were prepared directly from the tables.
In most cases, however, the data werc published in the
form of graphs and in these cases the graphs were en-
larged and the co-ordinates of the data points obtained
in digital form using a Gerber Digital Reduction System
connected to an IBM card punch. The least count of the
Gerber reader is 0.1 percent of full scale. The digital
data were stored on magnetic tapes and the figures then
photocomposed from these tapes on a DD.280 Cathode
ray tube at the NOAA Boulder Laboratories computing
facility. The plotiing error amounts to less than 0.5 per-
cent near the largest value on any particular graph and
is somewhat larger where the coefficient is small
(<10 percent of the largest value).

For cases in which the original data were in tabular
form, the original tables are reproduced. Where the
data were given graphically, the co-ordinates of the
data points obtained using the Gerber Digital Reduction
System were used to prepare the tables. Since this
system gives values of each co-ordinate to four signi-
ficant figures, a decision on how many of these figures
to retain was required. In the published paper, the
errors in the coefficient are often not estimated and,
even more frequently, no estimate is given in the
experimental papers of the errors in the measured
parameters that give the values of E/N. However, the
value of E/N is seldom determined more accurately
than to within about 0.1 percent and the coefficients
themselves are usually not determined to better than
within about [ percent. In general, in these circum-
stances, therefore, as far as the coefficients are con-
cerned, three significant figures are retained for values
lying between 1.00 and 2.99 and two significant figures
for values lying between 3.0 and 9.9, while in the case of
E[N, four significant figures are retained for values lying
between 1.000 and 2.999 and three significant figures
for those between 3.00 and 9.99. Particular cases in
which this procedure is not appropriate are indicated
where the tables occur and the procedure adopted is also
wiven there.

4 Phye. Chem. Ref. Bate, Vol. 4, He. 3, 1975

3. Dota Survey
3.1. Drift Velocity

An electron swarm in the presence of a steady
electric field both diffuses and moves as a whole in the
direction of ithe field. In the steady state, the cenier of
mass of the swarm attains a velocity ¥, which may be
expressed [1432] (see also W. P. Allis, in Handbuch der
Physik. S. Flugee, ed.. Springer, Berlin, 1956, Val. 21,
p. 383), in terms of the ratio E/N and of atomic param-
eters by the relationship 2

=— (4nEe/3Nm) j T (g (dfide)de, ()

where e and m are the electronic charge and mass
respectively, ¢ is the speed of an electron, ¢, the
momentum transfer cross section which is a function
of the speed and f the speed distribution function
normalized through the equation

4-77J:f(c)c2dc= 1.

Using pulse techniques, W may be determined
experimentally by direct measurement of the time
taken for the swarm to move through a measured dis-
tance. At relatively high values of E/N, where the short
transit times make precise direct measurements of this
sort difficuli, many of the data available were determined
using a less direct method originally devised by
Townsend and Tizard [2104] before the advent of pulse
techniques. In this method, the deflection, in a dircction
perpendicular to both the electric and magnetic fields,
of a swarm travelling a measured distance under the
influence of crossed uniform electric and magnetic
fields is determined. From measurements of this sort,
a quantity Wy, which is related to # by

WM= ‘J—'Wv (2)

is determined. The constant § is sometimes known as
the magnetic deflection coefficient [181], and often has
a value near unity (see for example Townsend, Phil.
Mag. 23, 880, 1937, and Huxley, Australian J. Phys. 13,
718, 1960). 1t can be shown that

3 f " (clqi) (dflde) de
_ o

¥ : (3)

477[ f., " (/g (df]de )dc]2

for small magnetic fields B such that w= eB/m < Ngme.
The value of ¢y thus depends on the distribution function

2This relationship is strictly true oniy for the case of elastic coliisions ban in fact has
& much wider range of applicability (see B. W. Crompton, Adv. in Electronies & Flectron
Physies 27, 1. 1969}
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and on the variation of g, with ¢, being unity if cg is a
constant. Where they are available, the values of both
W and Wy are given in the following graphs and tables
for the gases listed in section 2.2.

3.1.a. Drift Velocity — Helium

Much attention has been paid to the region of low
values of E/N <13X10-17 V cm? because this is a
particularly favorable one in which to obtain values of
g from data on drift velocities. The experimental
values obtained in this region are given in figure 1.1.
Consideration has to be given to the effect of diffusion
which leads to a correction of the measured value of
the drift velocity by a factor of the form {1+ (ci/d)
(D/W)] where d is the drift distance, D the diffusion
coefficient and c; is a dimensionless constant. It has
howcver becn shown [1434] that under usual experi-
mental conditions this'correction is small {< 10 percent).

The two most recent sets of data [530, 2433] are in
good agreement. The error in the data of Crompton,
Elford, and Jory [2433] is estimated as less than 1
percent over the whole range investigated and less
than 0.5 percent for E/N < 1.82X10-'7 V cm? Accord-
ingly, this complete set of data is tabulated in table
1.1(a) together with the results of Pack and Phelps
[530] at values of E/N below those investigated by
Crompton et al. (Crompton et al. indicate that the
data of Bowe [1623] have been revised since they were
published and now agree within 2 percent of their data,
but no details are available.)

There have been a number of recent investigations
of the variation of W with gas pressure in helium both
at room temperature [4055, 4058] and at 77 K [4913,
4355]. No significant variation of W with pressure was
observed for NV up to about 3 X10?2° ¢cm~2 and E/N down
to about 0.008 X 107 V cm2 At higher pressures,
however, the decrease in W with increasing N shown
in table 1.1{b) was reported [4055], the accuracy of
most of the measurements being estimated to be
within 1 or 2 percent. '

The results of a number of theoretical computa-
tions of W in this region of low values of E/N are
given in figure 1.2. It can be seen that the different
theoretical treatments give values in general agree-
ment with each other and with experiment, even
though they are based on different assumptions and
different variations of g, with energy. Two of the
recent sets of data [1062, 2433] in figure 1.2 were
obtained by an iterative process involving numerical
integration of the Boltzmann equation and are in de-
tailed agreement within the experimental error with
the two most recent sets of accurate experimental
data. The difference in the values of g, required to give
this detailed agreement with the two different sets of
experimental data is small, being about 15 percent at
3 eV but less than 3 percent below 0.6 eV. In both cases
a useful cross-check on the values of g, obtained was
provided by using them to calculate values of other

swarm parameters which were compared with experi-
mental values (see Wy and sec. 3.2.a). Also given in
figure 1.2 are the theoretical data resulting from a
stochastic treatment [3463] of the problem.

At higher values of E/N, values of ¥ for electrons in
glow discharges in helium have been obtained experi-
mentally from measurements on the positive columns
of such discharges. The results which are shown in
figure 1.3 and table 1.2 are in good agreement with each
other.

There are no completely satisfactory theoretically
computed values of W for helium for E/N > 1.3X 10716 V
cm?. The most reliable to date are those obtained by
Monte Carlo methods [3897, 5490]. Both these sets of
data are in good agreement with experiment and one is
shown in figure 1.3. The treatment, however, effectively
ignored the effect of electron diffusion and the produc-
tion of slow electrons by ionization on the energy
distribution [see 3752].

Results [530, 4355] illustrating how the drift velocity
at very low values of E/N varies with temperature in the
range from room temperature down to 77 K are shown
in figure 1.4 and the values obtained at 77 K tabulated
in table 1.1(c).

Other measurements [1714, 2266] at temperatures
near 4 K and at pressures up to the saturated vapor
pressure show that the mobility in that region lies well
below the kinetic theory values, being a factor of about
10% smaller at the saturated vapor pressure.

3.1.b. Values of Wy, —Helium

Values of Wy accurate to within about =2 percent
obtained recently by Crompton, Eford, and Jory [2433]
are compared in figure 1.5 with the earlier values of
Townsend and Bailey [201). The values of ¢, obtained
by Crompton et al. from considerations of their ex-
perimentally of W (see previous
section) were used to calculate ¥y and these computed
values are given together with their experimental data

for Wy in table 1.3.

measured values

3.1.c. Drift Velocity —Neon

A number of direct measurements of drift velocities
have been made for neon for values of E/N below
4X10-17 V cm? Robertson [4862] has shown that low
levels of N, impurity (~20 ppm) can significantly
affect the values of & in neon and the most reliable sets
of data seem to be those of Nielsen [1387], of Pack and
Phelps [530] and of Robertson {4862}, the latter being
the most accurately determined with an estimated error
of =1 percent. These results which were obtained at
ambient temperatures are given in table 1.4{(a) and
compared with the other results in figure 1.6.

Robertson was also able to find values of the
momentum transfer cross section which gave calculated
values of the drift velocity in agreement with experiment
and these values are also shown in figure 1.6.

J. Phys. Chem. Ref. Data, Yol. 4, No. 3, 1975
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Values obtained [4862] at a temperature of 77 K are
also given in figure 1.6 and table 1.4(b).

There are no experimental values of W in neon for
EIN >4X10-Y" V cm? measured under swarm condi-
tions. Values of W for glow discharge in neon have
however been obtained [2164, 5780] by measuring the
current and electron concentration. Theee values are
compared in figure 1.7 with the most reliable theo-
retically . computed swarm values available, which are
those of Thomas and Thomas [3752] who obtained good
agreement between results calculated using a numerical
solution of the Bolizmann equation [3753] and using
Monte Carlo methods [3752].

3.1.d. Values of W, —Neon

The only values of W, obtained for neon using the
Townsend method are those of Bailey [2280] for neon
known to contain 1 percent helium. (See fig. 1.8.)
Robertson {4862] has suggested that the gas may well
have also contained small amounts of molecular
impurities (see 3.2.b).

3.1.e. Drift Velocity — Argon

There have been a large number of investigations of
the drift velocity of electrons in argon giving data
mainly in the range 3 X 1078 < F/N < 4 X 10718V e¢m?.
During the course of this work. it has become clear [732.
2042} that ‘small amounts of impurity (<1 percent)
particularly of molécular gases such as N, give rise to
very different values (typically a factor of two higher)
than those obtained for pure argon. Relatively ‘low
values characteristic of pure argon have been obtained

in several investigations and these results are shown

in figure 1.9 and given in table 1.5 from which it can
be seen that there is a fair measure of agreement.
Theoretical values in the same range of values of E/N
are shown in figure 1.10 from which it can be seen that
there is a general agreement both between them and
with the ‘experimental results shown in figure 1.9,
although a variety of methods and assumptions have
been used.

The theoretical values calculated by Englehardt and
Phelps [292] were obtained on the basis of values of
g (as a function of energy) determined by comparing
experimental and theoretical values of both W and
Dfu over the range 6 X10-21 < E/N < 10~V cm2 (The
values of g; have. however, been questioned, see
Golden, Phys. Rev. 151, 48, 1966.) The calculated
values of W for the lower end of this range [1062] are
in detailed agreement with the experimental data at
temperatures of 300 K and 77 K as shown in figure 1.11.
The experimental values are given in table 1.6 together
with one theoretical value at the lowest value of E/N.

There are fewer experimental data available for
EJN >4X 1078V cm?, those of Jager and Otto [2153] of
Wagner [4971] and of Brambring [4944] being shown in
figure 1.12 and in table 1.7. These data are in good
agreement with each other and fit smoothly with the

J. l‘ays. Chem. Ref. Data, Vol. 4, Ne. 3, 1975

values of W obtained at low values of E/N shown in
figure 1.9. Also shown in figure 1.12 are the theoretical
values computed by Golant {881] on the basis of smoothed
experimental collision cross sections and the energy
distribution which he calculated and which was found
to be in good agreement with that of Englehardt and
Phelps [202] at E/N=3>10-16V cm?.

Measurements [4058, 5188] covering a total range of
pressure from about 750 to 76,000 Torr show no variation
of drift velocity with pressure outside the experimental
error.

3.1.f. Values of WM —Argon

The only published expcrimental data for Wy for
argon are the early results of Townsend and Bailey
[197, 199]. The resuits from [199] which were for less
contaminated gas samples are shown in figure 1.13 and
table 1.8 together with the theoretical values by Engle-
hardt and Phelps [292] calculated using their values of
gm obtained from consideration of data on # and Dfu.
A poussible explanation of the difference is that the
theoretical data refer to the limit of vanishingly small
magnetic fields and Chen’s calculations (J. Appl
Phys. 37, 2205, 1966) of the Hall effect show that
W\ is lower at higher fields.

3.1.g. Drift Velocity — Krypton and Xenon

Few experimental data are available for xenon and
krypton, the most reliable at low values of E/N <4 X
10-17 V cm? being those of Pack, Voshall, and Phelps
[439] whose results are shown in figure 1.14(a) and given
in tables 1.9 and 1.10.

Frost and Phelps [1062] were able to determine values
of g, as a function of energy which gave good agreement
with the above experimental data, although in the case
of krypton the values of gy, required lie well below the
measured values (Ramsauer, Ann. Physik 12,529, 1932)
of total c¢ross section and other calculated values
(O’Malley, Phys. Rev. 130, 1020, 1963) of g; there are
differences also in the case of xenon when compared
with other results.

At higher values of E/N the only data available are
those of Wagner [4971] for xenon for 112X 10-17 <
E/N <255X10-'7 V ¢m? which are shown in figure
1.14(b) and given in table 1.10(a).

There are no published values of W, for either
krypton or xenon.

3.1.h. Drift Velocity — Hydrogen

A particularly thorough investigation of W for hy-
drogen over the range 2.8 X 10~ < E/N < 5.7 X 10-%V
cm? was carried out by Lowke [1155], who showed that
using modern experimental techniques and making the
necessary corrections for diffusion [see also 1434],
measurements of ¥ can be made to within 1 percent.
Hie reeculte for E/N <2 2.82 % 10-17 V e¢m? are shown in
ficure 1.15 together with those of Pack and Phelps [530]
and Bradbury and Nielsen [1381] with which they agree
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within the experimental error. The two recent sets of
data {530, 1381] are given in table 1.11(a).

In this region of low E/N, the values of W depend on
the gas temperature, and the results given in figure
1.16(a) (for clarity of presentation the figure has been
limited to values of E/N <2.82X 10~V cm? and the
data at a temperature of 195 K in [530] omitted) show
that the two published sets of experimental data
[530. 1155] for this temperature dependence agree well
with each other and with the theoretically computed
values [181, 3463]. The experimental data at 77 K are
riven in table 1.11(b).

The majority of the results of the relatively large
number of investigations which have been made of W

for hydrogen lie within the range 2.8 X 10~ < E/N <.

113X 10-17 V cm?, and most of the published data
(which it is possible to express unambiguously in terms
of E[N) are shown in figure 1.17 and selected values
siven in table 1.12. It can be seen that, bearing in mind
that the experimental error increases to about 2 or 3
percent at the upper end of this range, there is good
agreement between the various sets of data:

Theoretical values of W were obtained by Frost and
PPhelps [181] on the basis of a numerical solution of the
Boltzmann equation and as can be seen from figures
1.16(a) and 1.17 these values were in good agreement
with cxpcrimcnt for a determined set of values of the
appropriate momentum transfer, rotational and vibra-
tional cross sections involved. The theoretical values of
W obtained for a temperature of 77 K by Bell and
Kostin [3463] using a stochastic treatment also agree
well with experiment.

In a recent interesting series of experiments [4450,
4913, 4916, 4484] aimed at investigating the pressure
dependence of the drift velocity [4913] and determining
vross sections for rotational and vibrational transitions
14450, 4484] in hydrogen, measurements have heen made
of the drift velocity for both normal and para-hydrogen
at 77 K and for normal hydrogen at 293 K. These results
are collated together in [4916] from which the data
shown in hgure 1.16(b) were obtained. The data tor
normal hydrogen in figure 1.16(b) are the most accurate
available and comparison with figures 1.16(a) and 1.15
shows that they are in good agreement with the earlier
experimental data. The data for para-hydrogen agree
1o within 0.5 percent with the earlier results of [3659]
and [2267).

Gibson [4450] obtained a set of cross sections that led
to calculated values of W in agreement within £0.7
pe rmm with these experimental results for hydrogen.

In view of the cxperimental accuracy of tha data these
inoview o1 ine cxporimoenta: accuracy oi tnc aata tncesce

rross sections which are considerably different from
those obtained earlier [181] are the most accurate avail-
able to date. In the above series of experiments the
variation of drift velocity with gas pressure was also
investigated for 6X108 <N <102 cm=3 for both
normal and para-hydrogen at 77 K and some of the
results for normal hydrogen at the higher pressures

are given in table 1.14(a). The linear decrease with in-
creasing pressure observed in both normal and para-
hydrogen is consistent with the hypothesis [3665] that
temporary negative ion formation associated with rota-
tional excitation occurs.

Results of experiments at higher pressures in normal
hydrogen at room temperature [3382, 4058] which are
shown in table 1.14(b) seem to require a different
explanation (as do other results [5103] at 77.8 K over a
similar range of values of /V) and a multiple scattering
theory has been proposed (W. Legler, Phys. Lett. A29,
719, 1969) for this range.

In the region ahove E/N=112X 101 V cm?, only

"one extensive set of data exists. This was obtained by

Schlumbohm [1625] from a study of avalanche transit
times, and the results are shown in figure 1.18 and table
1.13, which also contain three values obtained by Blevin
and Hasan [3459] at the lower end of this range.

3.1.i. Values of Wy— Hydrogen

Creaser [3384] recently obtained values of Wy, with
an error of about 1 percent as shown in figure 1.19 and in

table 1.15, where they are compared with the early
values of Townsend and Bailey [195].

3.1.j. Drift Velocity— Nitrogen

There have been well vver thirty experimental investiga-
tions of W for nitrogen. It is convenient to consider
these in two groups depending on whether the value of
E/N used was larger or smaller than about 5.6 X 10-1%
V cm?. For the lower values of E/N, electrical shutter
methods first employed by Bradbury and Nielsen [1381]
have been widely used [530, 1155, 1381, 2285] and as
shown by Lowke [1155] can give results accurate to
within 1 percent when appropriate precautions are
taken. For the most part, the results obtained at higher
values of E/N are from studies of electron pulses and
avalanches [1314, 1716, 1763, 2136, 2154].

Those results for E/N < 5.6%X 10-¢ V ¢cm? which can
be expressed as functions of E/N are shown in figure
1.20. (For clarity of presentation, this is given in two
parts (a) and (b) with one set of results common to both
to aid comparison.) Results in the range 5.6 X 1016 <
E/N <5.6X10-3 V em? are shown in figure 1.21 from
which it can be seen that there is more scatter in the
results in this region than at the lower values of E/N
covered by figure 1.20, where there is good agreement
between the various sets of data obtained. Numerical
values in the two different E/N ranges are given in
tables 1.16 and 1.17.

Theare anlv anc £ Men I:AI-AJ Lo
There is oniy onc sol of moasuremants PUBINsned 10%

EI/N >5.6 1073V ¢m2 These are shown in figure 1.22
and given in table 1.18.

At low values of E/N, the drift velocity is dependent
on the temperature and the experimental values of W
at the extreme temperatures used both below and above
room temperature are shown in figure 1.23 where they
are compared with some of the results at room tempera-

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975



L4 J. DUTTON

toes N aloes at temperatures of 77 K, 195 K and 473 K
are viven in table 1.19. Also shown in figure 1.23 are the
values calculated [218] on the basis of a numerical solo-
tion of the Boltzmann equation and appropriate choice
of the collision cross sections involved.

For highly compressed gases at room temperature,
Grunberg [3382] has shown that the drift velocity de-
pends not only on E/N but also on NV and this dependence
is shown in table 1.20. This table also includes the results
of Allen and Prew [5188] which also show a significant
decrease of W with increasing N at the lower values of

E/N used.

3.1 k. Values of W,, — Nitrogen

An extensive investigation of the values of Wy in
nitrogen, which extended and substantially confirmed
the early work of Townsend and Bailey [195], was re-
cently carried out by Jory [1429]. The resulis of these
experimental investigations are shown in figure 1.24 and
in table 1.21. :

Values of the magnetic deflection coefficient ¢ ob-
tained using the value of Wy shown in figure 1.24
together with the values of W obtained by Lowke [1155],
are shown in figure 1.25, where they are compared with
the values of ¢ obtained theoretically by Englehart,
Risk, and Phelps [218] with which there is good
agreement.

3.1.1. Drift Velocity— Oxygen

A complication in oxygen and other electronegative
gases is the formation of negative ions, with the result
that fewer measurements have been made in these
gases than in hydrogen and nitrogen.

The majority of the data [727, 1336, 1412, 2553, 5226.
4901] available has been obtained using drift-tube
measurements and the results obtained for 2.8 X 1017 <
EIN <57X10-'" V cm?® are shown in figure 1.26(a).
These results include one sct [4901] for oxygen contain-
ing 2 percent hydrogen in which the dissociative de-
tachment reaction between O~ and H, rapidly removes
the O-, so avoiding some of the complications arising
from the presence of negative ions. Recently measure-
ments have been extended [5135] to very low values of
E/N using the drift-dwell-drift method (see sec. 3.3.a).
The values obtained are compared with the earlier drift
tube studies, which extend into the region of E/N below
2.8x 10717, in figure 1.26(b). As can be seen from figure
1.26(a) and (b) the self-consistent set of cross sections
chosen to give agreement with the earlier drift velocity
data and other measured swarm parameters seem to
give values of W that are too low at very low values of
E/N. Numerical data tor the region E/N <b( X [0~V
V c¢m? are given in table 1.22.

For values of E/N >57X10-7 V cm? most of the
experimental data have been obtained from studies of
pulsed avalanches [1314, 2370] and these are given in
figure 1.27 together with a few experimental results of
drift tube measurements 15226] and theoretically com-
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pirted values [2553] at the lower end of the range. The
experimental data in this range are given in table 1.23.

3.1.m. Values of Wm—~ Oxygen

The only values of Wy available for oxygen are those
obtained in the early work of Townsend and Bailey
[195] and of Brose [2089] working in the same laboratory.
Since the results of Townsend and Bailey show a de-
pendence of W on N as well as on E/N which was re-
moved by the improved techniques used by Brose, only
Brose’s results are given in figure 1.28 and in table 1.24.

3.1.n. Drift Velocity — Carbon Monoxide

The only data for W for carbon monoxide that can be
expressed unambiguously in terms of E/N are those of
Pack, Voshall, and Phelps [439] which were obtained for
three different temperatures. These are shown in figure
1.29 and table 1.25. The authors state that there is
scatter in their data for T=300 K at low values of E/N
(<8.5%X107" V cm?) because of attachment, which
did not, however, occur excessively under other
conditions.

3.1.0. Values of W)y— Carbon Monoxide

The only values of W available for carbon monoxide
are those of Skinker [200]. The value of the temperature
to which the values of E/p given in the paper correspond
is not given and a temperature of 15° C was assumed to
obtain the data given in figure 1.30 and table 1.26.

3.1.p. Drift Velocity — Nitric Oxide

The only published values of drift velocities for nitric
oxide are the recent results of Parkes and Sugden
[4943], obtained using a pulsed drift tube. These are
shown in figure 1.31. The results were obtained at
temperatures of 294 and 459 K and for a range of values
of N from 2.1 to 7.1X 10 cm™® but no systematic
change with temperature or with gas number density
was found within these ranges.

3.1.q. Values of Wy — Nitric Oxide

There have been two experimental investigations of
W for nitric oxide. Skinker and White {200} reported
a variation of Wy with N at a given E/N attributed to the
formation of negative ions, but gave a graph of W, E/N
which is in fair agreement with later results of Bailey
and Somerville [2385] using a method [see 2278] designed
to eliminate errors due to the presence of negative ions.
Bailey and Somerville’s results are given in figure 1.32
and table 1.27.

2.1.r. Drifs Volacity — Carbon Dioxide

Several sets of experimental values of W for CO,
have recently been obtained for values of E/N < 2.82 X
10-'% V cm? both from studies of electron pulses {725,
1833. 2920. 1184] and by using the electrical shutter
method [439, 2141]. The latter method is capable of high
accuracy provided adequate consideration is given to
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possible sources of error. Elford [2041], using this
method, obtained results with an estimated error of less
than 0.5 percent for values of E/N <9.1 X107 V cm?
and of less than 1 percent for 9.1 X 10~ < E/N < 2.12X
107 V cm?. These results, together with the others
obtained for E/N <2.82X10-% V cm?, are shown in
fizure 1.33 in which the theoretical values (calculated
|2553] using a self-consistent set of cross sections
chosen to give agreement with a range of data on
electron swarms) are also given. A set of numerical
values is given in table 1.28.

There is a marked dependence of W on pressure in
carbon dioxide as shown by the results of Allen and
Prew [5188] which are given in figure 1.34. This agrees
with the earlier results obtained by Lehning [4203] at
EIN <2.8%10-16 V cm? for the ratio of the drift veloc-
ity at various pressures in the range 8000 to 25,000 Torr
1o that at 500 Torr. The ratio decreased rapidly through-
out the range, becoming less than 1/100 at pressures of
20,000 Torr and above.

There are no published experimental data for W in
CO, in the range 2.82X 10 < E/N <10-** V cm?
but there are values in the region above E/N =10-15
V cm? obtained by Frommbhold [2154] and by Schlum-
bohm [1314]. Frommhold’s values are given in figure
1.35. Schlumbohm does not give his experimental data,
but states that they can be represented by the equation
W=1.58%x10°% (E/p2)®%" for E/ps» from 150 to 2000
V ecm~! Torr~! and values calculated using this equation
are also shown in figure 1.35. The data of figure 1.35 are
given numerically in table 1.29.

3.1.s. Values of Wn— Carbon Dioxide

The only experimental values of Wy available for CO,
are the early results of Skinker [198]. These results are
shown in figure 1.36 from which it can be seen that the

experimental values are in agreement with the theoret-
ical values of Hake and Phelps (also shown in the
figure) up to values of E/N about 4X10-'% V cm? but
become smaller than the theoretical values at higher
values of E/N.

3.1.1. Drift Velocity — Air

There have been few measurements of W for air.
Therc are two sets of experimental data availablc for
E/N <1071 V cm?2, one [3165] based on measurements
of electron pulses and the other on the electrical shutter
method [1412]. The results are given in figure 1.37 and
table 1.30.

The only theoretical values for air are those of Heylen
[1447] which were obtained using a Maxwellian energy
distribution and an assumed form for the variation of
the cross section with energy. These theoretical values
for E/[N <106 V cm? are also shown in figure 1.37.
(It is not clear from the original paper [1447] to what
temperature the values of E/p used correspond. The
theoretical values in figure 1.37 have been obtained on
the assumption that it is 0 °C.) -

For E/N >9.9X 10717 V cm? there are also two sets
of experimental data available [2305,2370], both obtained
from studies of electron avalanches. These data are
shown in figure 1.38 and are given in table 1.31. The
available theoretical values [1447] in this region are also
shown in figure 1.38, and the theoretical values in the
region for which there are no experimental data are

included in table 1.31.
3.1.u. Values of Wn— Air

The two sets of experimental data available for Wy

for air are shown in figure 1.39 and tabulated in table
1.32.
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FiGURE 1.1. Experimental values of B as a function of E/N for values of E/N < 1.3X 1076V cm? in
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FiGURE 1.3. Experimental values of W for electrons in glow discharges together with computed

values for E/N > 1.3 10716 V cm2 in helium. (Stern’s data have been smoothed to avoid
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FICURE 1.14(b). Experimental values of # as a function of E/N for xenon for E/N > 112X 10-17
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Experimental: @ Pack(530); + Lowkel(1155);
* Bradbury(1381).
FIGURE 1.15. Experimental values of B as a function of E/N for hydrogen for E/N < 2.82 X% 10-17

V em2
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E/p, {(V/cm torr)
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T T 1T T TTTITIT T T TTTITT T iy
‘ 2
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N ¢
- o8 300%
i 143
r 293%. W t.e
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E 47 08 =
Ae 17K tatt ¥ 3
-— — '. —
: - *A 'ﬁ!! —
[ a + X =
S | % -
5 . +A* B ] 5
= 8
+4 ¥ .
=07 E L 3
- 5" 3
— s & 3
B v . -
- A § —
10*3 Llglii Lo Lt tiig 1
10'20 10'!9 10-!8
E/N (V cmd)

Experimental: 9,0,0 Pack(530); «x,+ Lowkel(1155),
Theoretical: <+ A Frost(181); ¢ Bell(3463).

Ficure 1.16(a). W, E/N for hydrogen for various temperatures at low values of E/N.

E/p° (V/em torr)
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1o’ = 1 3
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Experimental: Robertson({4916)

Ficure 1.16(h). Experimental values of W in para-hydrogen at 76.8 K and normal hydrogen at 76.8
and 293 K.
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E/po (V/cm torr)
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E/N IV cmd)
Experimental: 0 Pack(B30); [ Lowkell155);

A Bradbury(1381);
x Prasad(2285);
Theoretical: -+ Frost(181).

7 Jager{2153);
+ Blevin(3459),

¢ Frommholdi{2154);

FIGURE 1.17. W, E/N for bydrogen in the range 2.8 X10-'7< E/N <113 X 10-17 V cm2,

E/p° {(V/em torr)
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Experimental: © Schlumbohm(1314);

+ Blevin{3459),

FiGUure 1.18. W, E/N for hydrogen for E/N > 112%x 107 V cm?2.
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E/p° (V/cm torr)
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8
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~ - ) d 3
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| 9669 .
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g -
= 9
0
10+5 RLLLL Lo byt Lrein
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E/N V emd)
Experimental: © Creaser(3384); x Townsend(195).
Ficure 119 Experimental Wy, E/N for hydrogen
E/p. (V/cm torr)
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Experimental: & PackiS30); © Christophoroul725);
0 Lowke(1155); ¥ Prasad(2285).

FIGURE 1.20a). Experimental values of W as a function of E/N for nitrogen for E/N < 5.6 X 10~
Vem2
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E/P, {(V/em torr)
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Experimental: B Lowke(1155); + Nielsen{1387);
x Fink{1833); 0 Levine(2920).

FIGURE 1.20(b). Experimental values of W as a function of EIN for nitrogen for E/N <5.6X 10~

V em?®
E/p, (10¢ V/em torr)
0.2 0.6 1.0 1.4 1.8
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S0 ]
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3 80
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0.5 1.0 3.0 5.0 7.0

E/N 110715V emd)

Experimental: 0O Blevin(3460); ¥ Prasad(2285);
O Frommhold{2154); & Fischer-Treuenfeld(1763);
+ Wagner{2136),14971); «x ThoellC1716);
* Schlumbohm(1314).

F16URE 1.21. Expcrimcntal values of W as a function of EIN for nitrogen for 56X 10-16 < EIN <
6.2X 1013V cm?2
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E/p, (10° V/em torr)
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Experimental: © Schlumbohm(1314).

FIGURE 1.22. Experimental values of W as

a function of E/N for nitrogen for E/N > 5.6 X 10~ V ¢m2.
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0,0 Pack(530);
A Engelhardt(218).

+,x Hendrick(3662).

FIGURE 1.23. Values of # as a function of E/N for nitrogen at various temperatures.
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E/p° (V/em torr)
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Experimental: 0 Jory(1429); 0 Townsend(195).

FI1GURE 1.24. Experimental values of Wy as a function of E/N for nitrogen.

E/p, (V/cm torr)
1073 1072 107! 100 10! 10%2 103

Mo 10T 108 g0 10 105 10 107t
E/N (V emd)

Experimental:  © Using W, from Jory(1429) and W from
Lowke(1155); O Using W, from Townsend(195) and W
from Lowke(1155),

Theoretical: + Engelhardt(218).

FIGURE 1.25. Values of § as a function of E/N for nitrogen.

599

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975



600 J. DUTTON

E/p, (V/em torr)
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Experimental: 0 Herreng(1336); O Doehring(727);
4 Nielsen(1412); ¥ Pack las given in Hake(2553)};
X Fleming(4801); + Naidu(5226).

Theoretical: - Hake(2553),

FiGure 1.26(a). W, EIN for oxygen for 2.8 X 10~ < E/N <57 X 10-"? V ¢m2.

E/p° (V/em torre)
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Experimental: © Herrengti338); 0 Doehringl727);
A Nielsen(1412); ¥ Pack {as given in Hake(2553));
X Fleming{4901); + Nelson(5135),

Theoretical: + Hake (2553).

FIGURE 1.26(b). W, E/N for oxygen for E/N < 2.8X 10~V cm?.
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FicURE 1.27. W, E|N for oxygen for E/N >5.7x10-%V cm?2
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FiGURE 1.28. Experimental values of #y, E/N for oxygen.
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E/p° {(V/em torr)
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FiGuRE 1.29. Experimental W, E/N for carbon monoxide.
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FiGurg 1.30. Experimental By, (E/N)gq for carbon monoxide.
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FicuRe 1.31. Experimental ¥, E/N for nitric oxide.
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Ficure 1.32. Experimental ¥y, E/N for nitric oxide.

- J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975



604

J. DUTTON

E/p° (V/cm torr)
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Ficure 1.33. W, E/N for carbon dioxide for E/N < 2.82X 10~V cm?2
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FIGURE 1.34. Variation of W with gas number density for carbon dioxide.
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E/p° (V/cm torr)
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FIGURE 1.35. Experimental W, E/N for carbon dioxide for E/N >10-3V cm?
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FIGURE 1.36. Wy, E/IN for carbon dioxide.
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FiGURe 1.37. W, E/N for air for E/N <9.87X 10~V cm2
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[ Nielsen(1412).
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Theoretical: + Heylen(1447),

Ficure 1.38. W, E/N for air for E/N >9.87x 1017V cm?.
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Figure 1.39. Experimental Wy, E/N for air.
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Values of W for helium for E/N < 4 x 10—17ch‘2 at ambient temperature

J. DUTTON

Table 1.1(a)

E/N E/N W E/N W
(10-17ch2) (105cm/sec) (10_17ch2) (105cm/sec) (10_17ch2) (loscm/sec)
0.000795 0.0210 (a) 0.02730 0.586 () 0.364 2.93 )
0.001219 0.034 (a) 0.0303 0.637 (b) 0.455 3.28 (b)
0.037 (a) 0.0364 0.733  (b) 0.546 3,60 (b)
0.001518 0.045 (a) 0.0455 0.863 (b) 0.607 3.79 (b)
0.040  (a) 0.0546 0.980  (b) 0.759 4.23 (b)
0.002281 0.056 (a) 0.0607 1.052 (b) 0.910 4.63 (b)
0.00303 0.080 (a) 0.0759 1.22 (b) 1.214 5.33 (b)
0.00427 0.111 (a) 0.0910 1.37 (b) 1.517 5.97 (b)
0.00455 0.121 (a) 0.1214 1.62 (b) 1.820 6.55 (b)
0.00609 0.161 (a) 0.1517 1.84 (b) 2,124 7.07 {b)
0.00905 0.230 (a) 0.1820 2.04 (b) 2.430 7.57 (b)
0.01526 0.36 (a) 0.2124 2.21 (b) 2.730 8.07 (b)
0.01820 0.418 (b) 0.2430 2.37 ) 3.03 8.57 (b)
0.02124 0.477 (b) 0.2730 2.53 (v) 3.64 9.47 (b)
0.02430 0.533 (b) 0.303 ©2.67 (b) ’
Experimental:

(a) Pack, et al., Phye. Rev. 121, 708
(b) ‘Crompton, et al., Austr. J. Phys. 20, 369 (1967).

(1961).

Table 1.1(b)

Values of W for helium showing the variation of W with N at high values of N at ambient temperature

N(cm-3)

1.074 x 1021

7.892 x 10°

0

5.732 x 10

20

20

2.783 x 10

E/N

10 yen?)

W

(104cm/sec)

.00909
.0121
.0151
.0182
0242
.0303
L0455
.0606

Experimental:

All data taken from Grunberg, Z. Naturforsch. 24a, 1838 (1969).
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ELECTRON SWARM DATA 609
Table 1.1(c)
Values of W for helium at 77°K
E/N W E/N W E/N W

()0—17ch2) (105cm/sec) (10_17ch2) (105cm/sec) (10_17ch2) (105cm/sec)
.000277 .0168 (a) .0278 .9l (a) .278 2.67 (b)
.000545 .031 (a) .0318 .874 (b) .318 2.84 (b)
.00110 .065 (a) .0398 .991 (b) .350 2.97 (b)
.00136 .081 (a) L0477 1.10 ®) .398 3.16 (b)
.00218 124 (a) 0557 1.19 (b) AT 3.45 (b)
.00247 .138 (a) .0559 1.29 (a) .557 3.71 (b)
.00275 146 (a) .0636 1.28 (b) .636 3.96 (b)
.00275 .157 (a) L0716 1.36 (b) .716 4.19 (b)
.00410 .230 (a) .0795 1.44 (b) .795 4,40 (b)
.00540 .290 (a) .0954 1.56 (b) .954 4.80 (b)
.00795 .345 b) .119 1.76 (b) 1.19 5.34 (b)
.00814 W41 (a) 140 2.13 (a) 1.43 5.85 (b)
.0138 .59 (a) .143 1.93 (a) 1.59 6.16  (b)
.0159 570 (b) .159 2.03 (a) 1,75 6.46 (b)
.0165 .66 (a) .199 2.27 (a) 1.99 6.89 (b)
.0239 .737 (b) .239 2.47 (a)

Experimental:

(a) Pack, et al., Phys. Rev. 121, 798 (1961).
(b) Crompton, et al., Austr. J. Phys. 20, 369 (1967).

Table 1.2

Values of W for electrons in helium glow discharges for E/N > 13 x 10>17ch2 at ambient temperatures

E/N v
(10-17ch2) (IOSCm/sec)
13.40 0.031 (a)
13.74 0.032 (b)
15.40 0.036 (a)
17.64 0.046 (b)
18.17 0.043 (a)
19.34 0.046 b)
20.60 0.048 (a)
20.94 0.054 (b)
22.86 0.055 {b)
23.36 0.055 (a)
25.15 0.064 (b)
26.84 0.064 ()
27.44 0.061 (b)
30.0 0.072 (a)
30.2 0.072 (b)
31.7 0.084 (b)
Experimental:

E/N E/N W

(10—17ch2) (108cm/sec) (10‘17ch2) (108cm/sec)
32.4 0.079 (b) 93.6 0.246 (c)
35.0 0.084 (a) 96.4 0.262 (b)
35.4 0.085 (b) 117.2 0.31 (c)
38.0 0.102 ®) 121.5 0.33 (b)
0.0 0.101 (c) 130.5 0.35 (c)
40.7 0.097 (a) 160.5 0.44 (c)
46.2 0.110 . (c) 192.4 0.54 ()
46.8 0.113 (a) 218.9 0.64 (c)
53.8 0.131 (a) 272.8 0.81 (c)
55.3 0.146 ) 323 0.95 (c)
59.0 0.146 (c) 407 1.15 {c)
63.0 0.153 {a) 503 1.37 ()
65.3 0.182 ) 573 1.47 {c)
67.5 0.170 (c) 704 1.63 (c)
77.4 0.187 (a) 823 1.75 (c)
80.5 0.208 (c)

(a) Anderson, Phys. Fluids 7, 1517 (1964).

(b) Phelps, et al., Phys. Rev. 117, 470 (1960).
(c) Stern. in Proceedings of the Sixth International Conference on Ilonization Ph
(Paris, 8-13 July 1963) P. Hubert and E Cremieu-Alcan, eds.

331.

e@mega in Gases
(Serma, Paris, 1963), Vol. 1, p.
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Table 1.4(b)

Values of W for neon at 77 °K

E/N W E/N ' W E/N W
(10—17ch2) (105 cm/sec) (10‘17\7@!\2) (105cm/sec) (10-17ch2) (105cm/sec)
0.001594 .42 0.015%4 1.06 0.1195 2.32
0.002390 0.51 0.01992 1.15 0.1594 2.62
0.00319 0.57 0.02390 1.24 0.1992 2.88
0.00398 0.62 0.0319 1,38 0.2104 2.95
0.00478 0.67 0.0398 1.50 0.2390 3.1
0.00558 0.71 0.0478 1.61 0.319 3.6
0.00637 0.75 0.0558 1.71 0.398 3.9
0.00717 0.78 0.0637 1.80 0.478 4.2
0.00797 0.82 0.0717 1.88 0.526 4.4
0.01195 0.95 0.0797 1.96 0.558 4.6

0.637 4.8

Experimental:

All data taken from Robertson, J. Phys. B 5, 648 (1972).

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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Table 1.5
L, -17 -17_ 2
Values of W for argon in the range 0.3 x 10 < E/N <40 x 10 ~'vem
E/N W E/N W E/N
10" yen?y (10%cm/sec) 10" yem?) (10%cm/sec) 10 yen?) (10%m/sec)
0.304 0.246 (a) 2.526 0.39 (b) 7.56 0.81 (a)
0.307 0.271 (b) 2.572 0.46 (a) 7.61 0.72 (c)
0.362 0.276 (b) 2.615 0.44 (a) 7.82 0.85 (a)
0.379 0.242 (c) 2.825 0.40 (b) 8.32 0.79 (c)
0.412 0.280 (d) 2.965 0.45 (a) 8.41 0.93 (a)
0.428 0.239 (e) 3.03 0.37 (c) 8.48 0.92 )
0.441 0.281 (b) 3.08 0.40 (b) 8.90 0.99 (a)
0.444 0.269 (a) 3.18 0.4/ (d) 9.15 0.87 (c)
0.471 0.259 (d) 3.33 0.41 (b) 9.39 1.06 (a)
0.488 0.257 (c) 3.41 0.47 (a) 9.69 0.93 (c)
0.530 0.285 (@) 3.63 {0.39 (c) 9.78 1.12 (a)
0.543 0.289 (b) : 0.40 (d) 10.27 0.98 (c)
0.627 0.270 (c) 3.78 0.49 (a) 10.30 1.19 (a)
0.685 0.296 (b) 3.79 0.41 (b) 10.58 1.15 @)
0.700 0.30 (a) 3.99 0.50 (a) 11.07 1.29 (a)
0.719 0.269 (e) 4.06 0.43 (b) 11.08 1.05 (c)
0.779 0.282 (c) 4.11 0.41 (c) 11.18 1.05 (c)
0.811 0.30 (b) 4.30 0.52 (2) 11.83 1.12 (c)
0.883 0.30 (d) 4 .40 0.50 (d) 11.91 1.40 (a)
0.903 0.292 (c) 4 .44 0.46 (b) 11.97 1.12 (c)
0.918 0.292 (e) 4.57 0.44 (c) 12.49 1.31 (a)
0.957 0.32 (a) 4.60 0.53 (a) 12.84 1.52 (a)
0.962 0.32 (d) 4.76 0.54 (a) 13.00 1.19 (c)
0.976 0.31 ) 4.82 0.49 (b) 13.63 1.63 (a)
1.060 0.32 (d) 5.01 0.46 (c) 14.09 1.32 (c)
1.119 0.31 (c) 5.04 0.57 (a) 14.40 1.73 (a)
1.220 0.33 (b) 5.19 0.52 (b) 15.17 1.83 (a)
C1.261 0.35 (a) 5.34 0.49 ) 15.49 1.43 ()
1.334 0.32 (c) 5.38 0.55 @ 16.16 1.97 (a)
1.403 0.31 (e) 5.40 0.57 (d) 17 .40 1.55 «©)
1.433 0.35 (@) 5.41 {0-49 (c) 19.25 1.73 ()
1.517 0.37 (a) . 0.54 (b) 21.55 1.94 (e)
1.519 0.35 (b) 5.42 0.59 (a) 24,22 2.42 (£)
1.571 0.36 (d) 5.63 0.57 ®) 25.86 2.23 (c)
1.59 0.33 (c) 5.65 0.66 (d) 27.38 2.71 (£)
1.649 0.36 (d) 5.72 0.52 (c) 27.91 2.43 (g)
1.660 0.33 (e) 5. 81 {0.63 (a) 30.6 2.61 (c)
1.763 0.36 (b) : 0.53 () 32.4 2,91 (g)
1.844 0.39 (a) 6.14 0.66 (a) 32.9 3.2 £)
1.904 0.39 (d) 6.46 0.70 (a) 34.9 3.5 (£)
1.976 0.35 (c) 6.47 0.61 (c) 36.4 3.4 (g)
1.991 0.38 (b) 6.52 0.66 (d) 37.3 3.1 (c)
2,241 0.41 (a) 6.93 0.75 (a) 38.9 3.2 {g)
2.274 0.39 (b) 7.11 0.66 ()
2.452 0.36 (c) 7.35 0.79 (a)
Experimental:
(a) Herreng, Compt. Kend. 217, 15 (1943).
(b) Levine, J. Appl. Phys. 35, 2618 (1964).
(c) Errett, Ph.D. Thesis, Purdue University, 1951.
(d) Nielsen, Phys. Rev. 50, 950 (1936).
(e) Tack, et al., Phys. Rev. 121, 798 (1961).
(f) Caren, Phys. Rev. 131, 1904 (1963).
(g) Jager, et al., Z. Physik 169, 517 (1962).
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Table 1.6(a)

Values of W for argon for E/N < 0.3 x 10—17ch2 at 300 K

E/N W E/N w E/N \

(10—17ch2) (105cm/56c) (10—17ch2) (105cm/sec) (10_17ch2) (105cm/sec)

0.0001 0.0122 (1) 0.00330 0.65 (a) 0.03436 1.29 (a)

0.000625 0.080 (a) 0.00499 0.84 (a) 0.0525 1.42 (a)

0.000631 0.087 (a) 0.01005 1.01 (a) 0.1045 1.78 (a)

0.001107 0.157 (a) 0.02042 1.15 (a) 0.1758 1.91 (a)

0.001622 0.205 (a) 0.02523 1.15 (a) 0.2123 2.27 (a)

0.002506 0.46 (a) 0.2148 2.00 (a)

Experimental:

(a) Pack, et al., Phys. Rev. 121, 798 (1961).
Theoretical:

(1) TFrost, et al., Phys. Rev. 136, A1538 (1964).

Table 1.6(b)

Values of W for argon for E/N < 0.3 x 10—l/chz at 77 K

E/N W E/N W E/N W
(10'17ch2) (105cm/sec) (10_17ch2) (105cm/sec) (10—17ch2) (105cm/sec)
0.0001 0.0056 (1) 0.001622 {0.095 (a) 0.00499 0.65 (a)
0.000625 0.036 (a) ) 0.099 (a) 0.00664 0.94 (a)
0.000781 {0.044 (a) 0.002478 0.169 (a) 0.01688 1.12 (a)

) 0.050 (a) 0.002613 0.161 (a) 0.0698 1.53 (a)

0.000955 0.052 (a) 0.00330 0.243 (a) 0.2655 2.15 (a)
Experimental:

(a) Pack, et al., Phys. Rev. 121, 798 (1961).
Theoretical:

(1) Frost, et al., Phys. Rev. 136, A1538 (1964).

J. Phys. Chem. Ref. Batc, Vol. 4, No. 3, 1975
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Table 1.7

Values of W for argon for E/N > 50 x 10~

17ch2

E/N W E/N W E/N
_ - - 7

(10 17ch2) (107cm/sec) (10 17ch2) (107cm/sec) (10 17chz) (10" cm/sec)
52.8 0.40 (b) 93.0 0.62 (b) 170.9 0.98 (b)
53.6 0.43 (a) 97.6 0.63 (b) 172.8 1.01 (b)
54,9 {0.41 (b) 99.5 0.63 (b) 174.3 1.04 (b)

. 0.44 (b) 99.7 0.74 (c) 174.5 0.98 (L)
56.7 0.45 (b) 104.3 0.68 (b) 177.7 1.55 1)
57.3 0.50 (a) 115.3 0.83 (c) 177.8 0.99 (b)
58.6 0.44 (b) 116.5 0.72 (b) 179.1 1.10 (b)
58.8 0.60 (@D 117.3 0.76 (b) 180.6 0.99 (b)
62.0 0.45 (b) 118.9 1.12 1) 187.2 1.22 (a)
62.6 0.48 (b) 119.5 0.87 (c) 187.3 i.10 (b)
66.0 0.49 (b) 120.2 0.73 (b) 194.6 1.17 (b)
71.0 0.51 (b) 121.3 0.77 (b) 216.1 1.84 1)
73.1 0.54 (b) 125.5 0.77 (b) 250.0 2.10 (1)
73.6 0.56 (c) 133.4 0.84 (b) 277 .4 2.31 (1)
77.9 0.54 (b) 144.5 0.91 () 318 2.60 1)
86.2 0.85 (¢D) 148.3 0.85 (b) 359 2.88 (1)
87.2 0.66 (c) 149.4 1.34 1) 398. 3.2 (@D)
88.0 {U.b() (b) 150.0 1.00 (a) 438 3.4 (L)

' 0.69 (a) 150.4 0.87 (b) 480 3.7 (1)
90.1 0.60 (b) . 157.5 0.96 (b) 523 4.0 (1)
90.8 0.60 (a) 163.8 0.97 (b) 550 4.2 (1)

585 4.5 1)

Experimental:

(a) Jager, et al., Z. Physik 169, 517 (1962).

(b) Brambring, Z. Physik 179, 539 (1964).

(¢) Wagner, Z. Physik 178, 64 (1964).
Theoretical:

(1) Golant, Sov. Phys.-Tech. Phys. 4, 680 (1959).

Table 1.8
Values of WM for argon

E/N Wy E/N Wy E/N W
~-17 17 5 -

(10 1/ch2) (107cm/sec) (10 1/chz) (1O7cm/sec) (10 17ch2) (107cm/sec)
0.0001 0.000057 (1) 0.01 0.0150 (1) 1.252 0.036 (a)
0.0007 0.00040 (1) 0.02 0.0178 (1) 2.518 0.0659 (a)
0.0015 0.00087 (1) 0.032¢ 6.0196 (1) 3.0 0.050 (1)
0.002 0.00133 (1) 0.104 0.0240 (1) 6.32 0.152 (a)
0.0025 0.00228 (1) 0.329 0.030 (1) 8.43 0.22¢ (a)
0.003 0.0041 (¢D)] 0.334 0.0351 (a) 12.67 0.34 (a)
0.0035 0.0063 1) 0.501 0.032 (a) 17.58 0.46 (a)
0.0045 0.0097 (1) 0.626 0.033 (a) 26.11 0.60 {a)
0.0065 0.0128 (1) 1.04 0.039 (1) 36.1 0.73 (a)

59.0 0.95 (a)
Experimental:

(a) Townsend, et al., Phil. Mag. 44, 1033 (1922).
Theoretical:
(1) Engelhardt, et al., Phys. Rev. 133, A375 (i964).
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Table 1.9(a)
Values of W for krypton at ambient temperatures and above
E/N W E/N W E/N W
(10" yem?) (10°cm/sec) 10" ven?) (10°em/ sec) o ven?) (10°cm/sec)
0.000791 0.0108 (a) 0.00774 0.106 (a) 0.0306 1.04 (a)
0.000924 0.0128 (a) 0.00918 0.133 (a) 0.0758 1.27 (a)
0.001525 0.0226 (b) 0.01254 0.210 (a) 0.1496 1.34 (a)
0.002144 0.031 (b) 0.01550 0.33 (a) 0.304 1.57 (a)
.00306 0.042 ) 0.01712 0.42 (a) 0.609 1.78 (a)
0.0030¢ 0.036 (a) 0 01838 0.51 (a) 0.892 2.00 (a)
0.00458 0.058 (a) 0.02118 0.62 (a) 1.53 2.30 (a)
0.00461 0.066 () 0.02440 0.86 (a) 1.786 2.51 (a)
0.00617 0.085 (a) 0.02772 1.04 (a) 2.440 2.51 (a)
0.00622 0.095 (b) 3.06 3.2 (a)
Experimental:
(a) Pack, et al., Phys. Rev. 127, 2084 (1962), data taken at 300 K.
(b) 1Ibid., data taken at 368 K.
Table 1.9(b)
Values of W for krypton at 195 K
E/N W E/N W E/N W
10" ven®)  @0°em/sec) @0 ven®)  (10%cm/sec) 0 ven®)  20%cn/sec)
0.001210 0.0158 0.00465 0.052 . 0.01891 0.40
0.001561 0.0174 0.00617 0.069 0.02475 0.80
(0.001851 0.0238 0.00918 0.109 0.0442 1.19
0.00308 0.038 0.01236 0.162 0.0924 1.27
Experimental:

Pack, et al., Phys. Rev. 127, 2084 (1962).
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Table 1.10(a)

Values of -W for xenon at 300 K

E/N w E/N W E/N W
10" yem®?) (10°cm/sec) - 10 ven?) (10°cm/sec) 107 yen?) (10°cm/sec)
0.001542 0.0058 (a) 0.0499 0.50 (a) 1.837 1.57 (a)
0.00305 0.0126 (a) 0.0552 0.60 (a) 2.178 1.64 (a)
0.00454 0.0188 (a) 0.0618 0.70 (a) 2.735 1.76 (a)
0.00611 0.0250 (a) 0.0692 0.73 (a) 3.15 1.86 (a)
0.00767 0.0292 (a) 0.0918 0.82 (a) 129.5 85 )
0.00923 0.037 (a) 0.1074 0.89 (a) 132.8 81 (b)
0.01225 0.047 (a) 0.1239 0.90 (a) 141.4 98 (b)
0.01393 0.054 (a) 0.1556 0.97 (a) 142.5 88 (b)
0.01560 0.062 (a) 0.1871 0.97 (a) 147.1 92 (b)
0.01849 0.059 (a) 0.2483 1.01 (a) 153.9 101 (b)
0.02163 0.087 (ay 0.307 1.10 (a) 159.5 98 (b)
0.02355 0.101  (a) 0.386 1.13 (a) 162.7 108 (b)
0.02754 0.128 (a) 0.463 1.10 (a) 169.3 114 (b)
0.0308 0.163 (a) 0.652 1.25 (a) 206.9 134 (b)
0. U366 ¢.256  (a) 0.916 1.31 (a) 224.1 141 (b)
0.0428 0.41 (a) 1.216 1.46 (a) 225.9 147 (b)
0.0466 0.45 (a) 1.528 1.53 (a) 261.9 155 (b)
291.3 173 (b)
Experimental:
(a) Pack, et al., Phys. Rev. 127, 2084 (1962).
(b) Wagner, Z. Physik 178, 64 (1964).
Table 1.10(b)
Values of W for xenon at 195 K
E/N W E/N W E/N W
(10—17ch2) (104cm/sec) (10_17ch2) (104cm/sec) (10-17ch2) (104cm/sec)
0.00301 0.095 0.01849 0.75 0.0376 1.84
0.00603 0.199 0.02422 0.80 0.0459 2.98
0.01208 0.428 0.0304 1.21 0.0618 5.9
0.07537 7.3
Experimental:

Pack, et al., Phys. Rev. 127, 2084 (1962).
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Table 1.11(a)

Values of W for hydrogen for E/N < 2.8 x 10_17ch2 at ambient temperatures
E/N \ . E/N W E/N W
(10—17ch2) (105cm/sec) (10-17ch2) (105cm/sec) (10_17ch2) (105cm/sec)
0.,001174 0.0217 (a) 0.0303 0.46 (b) 0.303 3.2 (b)
0.001254 0.0203 (a) 0.0364 0.55 (b) 0.364 3.6 (b)
0.001528 0.0245 (a) 0.0455 0.68 (b) 0.455 4.1 (b)
0.002330 0.037 (a) 0.0546 0.80 (b) 0.546 4.6 (b)
1.002488 0.039 (a) 0.0606 0.88 (b) 0.606 4.9 (b)
(3.00303 0.052 (a) 0.0758 1.07 (b) 0.758 5.5 {b)
0.00307 0.047 (a) 0.0909 1.26 (b) 0.909 6.0 (b)
0.01212 0.188 (b) 0.1212 1.59 (b) 1.212 6.8 (b)
(0.01516 0.235 (b) 0.1516 1.89 (b) 1.516 7.5 (b)
0.01819 0.283 (b) 0.1819 2.18 (b) 1.819 8.0 (b)
0.02122 0.33 (b) 0.2122 2.45 (b) 2.122 .6 (b)
0.02425 0.37 (b) 0.2425 2.70 (b) 2.425 9.1 (b)
0.02728 0.42 (b) - 0.2728 2.94 (b) 2.728 9.6 (b)
Experimental:
(a) Pack, et al., Phys. Rev. 121, 798 (1961), data taken at 300 K.
(b) Lowke, Austr. J. Phys. 16, 115 (1963), data taken at 293 K.
Table 1.11(b)
Values of W for hydrogen for E/N < 0.3 x 10-17ch2 at 77 K
E/N W E/N W E/N W
(10_17ch2) (loscm/sec) (10~17ch2) (10§cm/sec) (10_17ch2) (lOJcm/sec)
0.00303 0.108 (b) 0.02425 0.66 (b) 0.0795 1.47 (a)
0.00364 0.129 (b) 0.02728 0.72 (b) 0.0909 1.62 (b)
0.00455 0.158 (b) 0.0303 0.77 (b) 0.0954 1.67 (a)
0.00546 0.188 (b) 0.0318 0.79 (a) 0.1193 1.95 (a)
0.00606 0.207 (b) 0.0364 0.87 (b) 0.1212 1.97 (b)
0.00758 0.254 (b) 0.0398 0.92 (a) 0.1431 2.21 (a)
0.00795 0.273 (a) 0.0455 1.01 (b) 0.1516 2.32 (b)
0.00909 0.297 (b) 0.0477 1.04 (a) - 0.1590 2.38 (a)
0.01212 0.383 (b) 0.0546 1.14 (b) 0.1819 2.62 (b)
0.01516 0.46 (b) 0.0557 1.15 (a) 0.1988 2.77 (a)
0.01590 0.48 (a) 0.0606 1.23 (b) 0.2122 2.90 (b)
0.01819 0.53 (b) 0.0636 1.26 (a) 0.2386 3.12 (a)
0.02122 0.59 (b) 0.0716 1.37 (a) 0.2425 3.2 (b)
0.02386 0.64 (a) 0.0758 1.43 (b) 0.2728 3.4 (b)
0.2783 3.4 (a)

Experimental:
(a) Robertson, Austr. J. Phys. 24, 445 (1971).

(b) Lowke, Austr. J. Phys. 16, 115 (1963).
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Table 1.12
Values of W for hydrogen for 2.8 x 10_17 < E/N < 110 x 10_17ch2 at ambient temperatures
E/N E/N W E/N W
@0 ven?) (107 cn/sec) @0 Yvem?) (107 cm/sec) oV (107 en/sec)
3.03 0.101 (a) 20. 0.281 (b) 58.1 0.65 (e)
3.64 0.110 (a) 21.22 0.295 (a) 60.6 0.70 (c)
4. 0.115 (b) 22, 0.297 (b) 62.3 0.72 (e)
4.55 0.123 (a) 24, 0.31 (b) 64.2 0.74 (d)
5.46 0.135 (a) 24,25 0.32 (a) 68.9 0.77 (e)
6. 0.141 (b) 26. 0.33 (b) 69.6 0.80 (a)
6.06 0.143 (a) 27.28 0.34 (a) 73.8 0.90 @)
7.58 0.161 (a) 30.3 0.37 (a) 75.8 0.92 (c)
8. 0.165 (b) 36.4 {0.42 (a) 78.1 0.94 (e)
9.09 0.179 (a) ' 0.42 (c) 80.8 0.98 (d)
10. 0.187 (b) 45.5 {0.51 (a) 84.0 1.01 (e)
12. 0.207 () : 0.51 (c) 88.3 {1.10 (e)
12.12 0.210 (a) 54.6 {0.63 (a) . 1.14 (d)
i4. 0.227 )] * 0.62 (e) 90.9 1.15 ()
15.16 0.240 (a) 54.7 0.57 (d) 92.1 1.17 (d)
16. 0.246 (b) 56.7 0.60 (e) 97.0 1.22 (e)
18. 0.264 (b) 57.5 {0.66 (d) 106.1 1.38 (c)
18.19 0.267 (a) . 0.63 (e)
Experimental:
(a) Lowke, Austr. J. Phys. 16, 115 (1963).
(b) Robertson, Austr. J. Phys. 24, 445 (1971).
(c) Blevin, et al., Austr. J. Phys. 20, 735 (1967).
(d) Jager, et al., Z. Physik 169, 517 (1962).
(e) Frommhold, Z. Physik 160, 554 (1960).
Teble 1.13
Values of W for hydrogen for E/N > 120 x 10‘17ch2 at ambient temperatures
E/N W E/N W E/N W
(10-17ch2) (108cm/sec) (10_17ch2) (lﬂscm/sec) (10—17 (108cm/sec)
121.2 0.168 (a) 270.0 0.43 (b) 952 1.12 (b)
136.4 0.189  (a) 338 0.53  (b) 992 1.20  (b)
136.6 0.207 (b) 387 0.59 ®) 1347 1.32 (b)
151.6 0.216 (a) 444 0.67 (b) 1587 1.51 (b)
183.1 0.31 (b) 646 0.86 (b) 2231 1.98 (b)
227.7 0.41 (b) 760 0.95 (b) 2505 1.83 (b)
5260 2.62 (b)
Experimental:

J. Phys. Chem. Ref. Data, Vol. 4, Nc. 3, 1975
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Table 1.14(a)
Values of W showing the dependence of W on N at various values of E/N in
» hydrogen at 77 K
ey 1.257x10° 2.515x10%% 3.772x10'% 5.030x10° 6.287x10%° 7.546x10"° 8.802x10°
ﬁ/N(10_17ch2) w(lOscm/sec)
0.01590 0.478 0.477 0.476 0.476 0.475 0.474
0.02386 0.648 0.645 0.644 0.644 0.644 0.644 0.644
0.0318 0.789 0.788 0.788 0.789 0.789 0.789
0.0398 0.921 0.918 0.917 0.917 0.917 0.918 0.918
0.0477 1.04 1.04 1.04 1.04 1.04 1.04 1.04
0.0557 1.16 1.15 1.15 1.15 1.15 1.15 1.15
0.0636 1.27 1.26 1.26 1.26 1.26 1.26 1.26
0.0716 1.37 1.37 1.37 1.36 1.36 1.36 1.36
0.0795 1.48 1.47 1.47 1.47 1.47 1.46 1.46
0.0954 1.68 1.67 1.66 1.66 1.66 1.66 1.66
0.1193 1.95 1.95 1.94 1.94 1.9 1.94 1.93
0.1431 2.21 2.21 2.20 2.20 2.20 2.19 2.19
0.1590 2.38 2.37 2.37 2.36 2.36 2.36
0.1988 2.76 2.76 2.75 2.75 2.74
Experimental:
A1l data taken from Robertson. Austr. J. Phys. 24, 445 (1971).
Table 1.14(b)
Values of W showing the dependence of W on N at various values of E/N in
hydrogen at ambient temperatures
N(em ) 1.110x10%¢ 8.380x10°°  6.000x10%° 1.300x10%° 2.764x10%°
ﬁ/N(10-17ch2) W(106cm/sec)
0.006 0.0084
0.008 0.0111 0.0118 0.0124
0.011 0.0147 0.0155 0.0164
0.014 0.0182 0.0194 0.0207
0.017 0.0220 0.0234 0.0246
0.020 0.0255 0.0275 0.0287
0.023 0.0290 0.0310 -
0.025 . 0.0326 0.0351 0.0368 (a)
0.028 0.036 0.039 0.0405
0.034 0.043 0.046 -
0.042 0.054 0.057 -
0.051 0.064 0.068 -
0.057 0.072 0.075 0.078
0.071 0.088 0.092 0.095
0.085 0.103 0.107 0.111
0.0909 0.101 0.110 0.126 0.129
0.1212 0.133. 0.145 0.159 0.164
0.1819 0.185 0.198 0.215 -
0.2425 0.235 0.246 0.266 0.275
0.364 0.305 0.317 0.334 -
0.485 0.373 0.399 0.421 0.430
0.728 0.488 0.510 0.518 0.533
0.970 0.563 0.584 0.598 0.612 (b)
2.425 0.842 0.867 0.886 0.890
4.85 1.17 1.20 1.22 1.24
9.09 1.65 1.71 1.715 1.73
12.12 1.98 2.05 2.035 2.04
18.19 2.54 2.55 2.60
24 .25 3.08 3.06
36.4 4.02 4,07
Experimental:

(a) Griinberg, Z. Naturforsch. 23A, 1994 (1968).
(b) Grinberg, Z. Phuysik 204, 12 (1967).
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Table 1.15
Values of WM for hydrogen

E/N WM E/N : WM E/N WM
(10-17ch2) (lOscm/sec) (10_17ch2) (lOscm/sec) (10_17ch2) (105cm/sec)
0.0610 1.07 (a) 1.820 9.33  (a) 24.28 33.7 (a)
0.0760 1.29 (a) 2.130 9.93 (a) 27.30 36.3 (a)
0.0920 1.49 (a) 2.430 10.5 (a) 40.2 49 (b)
0.1210 1.87 (a) 2.569 11.2 (b) 41.4 49 {(b)
0.1520 2.22 (a) 2.730 11.0 (a) 81.7 103 (b)
0.1820 2.53 (a) 3.03 11.5 (a) 84.8 109 (b)
0.2120 2.83 (a) 3.64 12.5 (a) 87.8 114 (b)
0.2430 3.11  (a) 4.55 13.8 (a) 90.8 118 {b)
0.2730 3.39 (a) 5.10 i5.2 (b) 94.5 125 (b)
0.303 3.63 (a) 5.46 15.1 (a) 99.1 132 (b)
0.455 4.74  (a) 6.07 16.0 (a) 103.9 140 (b)
0.607 5.59 (a) 9.11 19.7 (a) 106.9 145 (b)
0.632 6.0 (b) 10.10 21.6 (b) 110.7 150 (b)
0.659 6.3 (b) 12.14 23.0 (a) 113.6 156 (b)
0.911 6.90 (a) 15.18 25.9 (a) 117.1 162 (b)
1.210 7.88 (a) : 18.21 28.6 (a) 120.9 168 (b)
1.267 8.5 (b) 20.24 32 (b) 125.0 175 )
1.520 8.63 (a) 21.25 31.2 (a) 129.0 182 (b)
133.6 189 ()
Experimental:
(a) Creaser, Austr. J. Phys. 20, 547 (1967).
(b) Townsend, et al., Phil. Mag. 42, 874 (1921).
Table 1.16
. ~17 2
Values of W for nitrogen for E/N < 56 x 10 ~'Vem
L/N W L/N W T/N W
(10—17ch2)‘ (105cm/sec) (10_17ch2) (105cm/sec) (10—17\]cm2) (lOscm/sec)
0.01212 0.46 0.2122 2.90 3.03 7.7
0.01516 0.56 0.2425 2.96 3.64 8.7
0.01819 0.67 0.2728 3.03 4.55 10.2
0.02122 0.77 0.303 3.09 5.46 11.7
0.02425 0.88 0.364 3.22 6.06 12.7
0.02728 0.97 ) 0.455 3.43 7.58 14.9
0.0303 1.07 0.546 3.63 9.09 17.1
0.0364 1.25 0.606 3.76 12.12 21.1
0.0455 1.49 0.758 4,02 15.16 25.0
0.0546 1.71 0.909 4,28 18.1¢ 28.8
0.0606 1.82 1.212 4,76 1.22 32.3
0.0758 2.08 1.51¢6 3.2 24 .25 35.7
0.0909 2.28 1.819 5.7 27.28 39.0
0.1212 2.55 2.122 6.2 30.31 42.0
0.1516 2.71 2.425 6.7 36.4 48.2
0.1819 2,81 2.728 7.2 45.5 56.8
54.6 65.1
Experimental:

All results taken from Lowke, Austr. J. Phys. 16, 115 (1963).
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Table 1.17
. -17 -17. 2
Values of W for nitrogen for 60 x 10 < E/N < 500 x 10 ~ 'Vem

E/N W E/N W E/N W
00 yen?) (107 cm/sec) @0 Mven?) (10 ca/sec) 20 ven?) (207 ca/ sec)
60.6 {0.69 (a) 118.8 1.22 (e) 151.6 1.62 (b)
: 0.70 (b) 119.2 1.23 (e) 151.7 1.51 @)
61.6 0.72 () 120.5 1.25 () 153.5 1.51 (£)
68.6 0.79 (c) 120.6 {1.17 9] 155.6 1.46 (£)
73.1 0.83 (c) : 1.23 (e) 161.6 1.62 (£)
0.82 (a) {1.25 (e) 164.2 1.58°  (d)
5.8 ke o 1210 1.3 (&) 166.7 177 (b)
79.1 0.87 ) 191.2 {1.23 (a) 177.5 1.76 T (f)
86.7 0.95 (c) : 1.29 (b) 181.9 1.95 (p)
86.9 0.94 (c) 122.2 1.25 (e) 208.0 1.96 £)
00.9 {0.95 (a) 122.8 1.25 (e) 212.2 2.24 (b)
’ 0.97 (®) 123.9 1.26 (e) 227.3 2.43 (b)
91.0 0.99 () 124.9 1.27 (e) 242.5 2.53 (b)
95.1 1.02 (c) 125.4 1.28 (e) 243.0 2.23 )
104.0 1.10 () 126.9 1.29 (e) 254 .8 2.40 @)
104 .4 1.09 (e) 127.4 1.29 (e) 275.5 2.63 (@
106.0 1.12 (e) 128.8 1.31 (e) 278.6 2.2 (&)
106.1 {1.12 (a) 128.9 1.25 ) 319 3.4 ¢h)
: 1.11 ®) 129.3 1.31 (e) 326 3.1 (g
106.5 1.09 ) 130.9 1.32 (e) 330 3.3 (d)
106.9 1.11 (c) 132.3 1.31 (£) 333 3.1 (g)
107.8 1.13 (e) 132.9 1.34 (e) 337 3.1 (d)
109.3 1.15 (e) 135.0 1.36 (e) 347 3.4 (g)
109.9 1.11 (£) 136.4 1.44 (b) 352 3.4 (d)
110.8 1.15 (e) 136.9 1.37 (e) 371 3.5 (g)
110.9 1.13 () 138.9 1.40 (e) 375 3.5 (@)
112.6 1.17 (e) 141.0 1.41 (e) 378 3.4 (g)
113.3 1.17 (c) 143.0 1.43 (e) 387 3.5 ()
113.8 1.13 (£) 144.6 1.46 (£) 400 3.9 (2)
114.1 1.18 (e) 145.0 1.45 (e) 403 3.9 (@
115.8 1.19 (e) 147.1 1.46 (e) 446 4.5 ®)
117 .4 1.21 (e) 149.1 1.49 (e) 450 4.5 @)
117.5 1.15 £) 149.6 1.41 ) 467 4.0 (¢)]

Experimental:

(a) Fischer-Treuenfeld, Z. Physik 185, 336 (1965).

(b) Blevin, et al., Austr. J. Phys. 20, 741 (1967).

(¢) Prasad, et 21., Brit. J. Appl. Phys. 18, 371 (1967).
(d) Wagner, Z. Physik 178, 64 (1964).

(e) Tholl, Z. Physik 178, 183 (1964).

(£) Frommhold, Z. Physik 160, 554 (1960).

(g) Wagner, et al., Z. Physik 170, 540 (1962).

(h) Schlumbohm, Z. Physik 182, 317 (1965).
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Table 1.18

Values of W for nitrogen for E/N > 500 x 10-17ch2

E/N W E/N W E/N : W
a0 ven?)y  odem/sec) a0 ven®y  10%em/sec) 10 ven?)  (10%em/sec)
597 0.42 1253 0.66 2647 1.01
706 0.50 1540 0.85 3560 1.05
955 0.58 1775 0.85 5240 1.34
8240 1.64
Experimental:

All data taken from Schlumbohm, Z. Physik 182, 317 (1965).

Table 1.19(a)

Values of W for nitrogen at 473 K

E/N W E/N W E/N W
- -17 -17 5
(10 17ch2) (105cm/sec) (10 1/ch2) (105cm/sec) (10 /chz) (107 cm/sec)
0.0617 1.17 0.617 3.6 3.70 8.1
0.1234 1.90 . 1.234 4.6 4.32 8.9
0.1851 2.48 1.851 5.4 4.96 9.9
0.2468 2.75 2.468 6.3 5.55 10.7
0.309 2.99 3.09 7.2
Experimental:
All data taken from Hendrick, et al., ORNL-TM-1444, Oak Ridge National Laboratory, Oak Ridge,
Tennessee (1968).
Table 1.19(b)
Values of W for nitrogen at 77 K
E/N W ' E/N W E/N W
-1 - -
(10 7ch2) (lOScm/sec) (10 l7ch2) (lOscm/sec) (10 17chz) (105cm/sec)
0.000306 0.041 0.00303 0.40 0.1188 3.8
0.000455 0.053 0.00600 0.76 0.1449 3.8
0.000615 0.077 0.0147 1.77 0.1762 3.8
0.000760 0.106 0.02944 2.78 0.2388 3.6
0.001219 0.147 0.0600 3.7 0.2944 3.6
0.001507 0.200 0.0889 3.9 0.443 3.7
Experimental:

All data taken from Pack, et al., Phys. Rev. 121, 798 (1961).

Table 1.19(c)

Values of W for nitrogen at 195 K

E/N W E/N % E/N W
. =17 2. .5 . . . =17 7. 5 R ~17.. 2 )
(10 vem ) (1U cm/sec) (1u vem ) (1lU cm/sec}) (@AY vVem ) (1Y cm/sec)
0.000760 0.045 0.00607 0.34 0.0592 2.40
0.001524 0.087 0.0149 0.82 0.0889 2.82
0.00306 0.180 0.02944 1.55 0.1205 2,93

0.1786 3.1

Experimental:

All data taken from Pack, et al., Phys. Rev. 121, 798 (1961).
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Table 1.20
Values of W showing the dependence of W on N at various values of E/N in nitrogen
Nem ) 1.030 x 1021 1.84 x 1021 5.233 x 10%°  1.036 x 102 2.690 x 1017  7.82 x 10%°
E/N W
k10_17ch2) (106cm/sec)
0.1212 0.224 (a) 0.242 (a) 0.256 (a) 0.260 (a)
0.1819 0.264 (a) 0.275 (a) 0.284 (a) 0.284 (a)
0.2425 0.285 (a) 0.292 (a) 0.298 (a) 0.298 (a)
0.303 0.307 (a) 0.306 (a) 0.312 (a) 0.312 (a)
0.455 0.327 (a) 0.336 (a) 0.343 (a) 0.345 (a)
0.606 0.353 (a) 0.363 (a) 0.368 (a) 0.371 (a)
0.909 0.404 (a) 0.415 (a) 0.418 (a) 0.422 (a)
1.212 : 0.558 (b)
1.263 0.523 (b)
1.516 0.484 (a) 0.493 (a) 0.505 (a) 0.500 (a)
1.942 0.645 (b)
2.132 0.603. (b)
2.421 0.623 (b)
2.425 0.62 (a) 0.637 (a) 0.649 (a) 0.649 (a)
2.502 0.750 (b)
2.553 0.769 (b)
2.721 0.745 (b)
3.01 0.781 (b)
3.24 0.855 «(b)
3.33 0.800 (b)
3.56 0.886 (b)
3.64 0.892 " (b)
3.92 0.909 (b) 0.949 (b)
4.38 1.030 (b)
6.06 1.15 (a) 1.205 (a) 1.225 (a) 1.225 (a)
9.09 1.60 (a) 1.63 @) 1.62 (a) 1.64 @)
24,25 3.40 (a) 3.33 (a) 3.36 (a)
36.4 4.68 (a) 4.55 (a)
Experimental:

(a) Grunberg, Z.

(b)

Allen, et al., J. Phys. B 3, 1113 (1972).

Physik 204, 12 (1967).
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Tzble 1.21

Values of WM for nitrogen

E/N Wy E/N Wy EfN iy

@0 ven®y @0 en/sec) a0 ven®y (@0 em/sec) a0 ven®) @0 en/sec)
0.1212 0.0394  (a) 1.212 0.059 (a) 6.06 0.133 (a)
0.1516 0.0415 (a) 1.267 0.059  (b) /.58 V.15  (a)
0.1819 0.0427 (a) 1.516 0.062 (a) 2.09 0.179 (a)
0.2122 0.0435 (a) 1.819 . 0.066 (a) 10.04 0.195 (b)
0.2425 0.0438 (a) 2.122 0.071 ) 12.12 0.225 (a)
0.2728 0.0445  (a) 2.425 0.074 (a) 15.16 0.270 (a)
0.303 0.045 (a) 2.527 0.077  (b) 18.19 0.316 (a)
0.364 Q.046 (a) 2.728 0.079 (a) 20.12 0.34 (b)
0.455 0.047 (a) 3.03 0.084  (a) 21.22 0.36 {a)
0.546 0.049 (a) 3.64 0.094 (a) 26.25 0.401 {a)
0.606 0.050 (a) 4.55 0.108  (a) 40.2 0.62 {b)
0.758 0.053 (a) 5.01 0.111 (b) 80.5 1.08 (b)
0.909 0.055 (a) 5.46 0.123 (a) 161.8 1.81 ()

Experimental:

(a) Jory, Austr. J. Phys. 18, 237 (1965).
(b) Townsend, et al., Phil. Mag. 42, 874 (1921).
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Table 1.22
Values of W for oxygen for E/N < 57 x 10_17ch2
E/N W E/N W E/N W

|10—17ch2) (106cm/sec) (10_17ch2) (106cm/sec) (10-17ch2) (106cm/sec)
0.00503 0.050 (a) 2.002 1.77 (a) 9.32 3.5 (f)
0.00810 0.080 (a) 2.156 1.85 (a) 9.76 3.6 (d)
0.01118 0.111 (a) 2.310 1.91 (a) 9.92 3.7 (£)
0.02043 0.216 (a) 2.318 2.09 @) 10.59 3.3 (e)
0.02968 0.26 (a) 2.464 1.99 (a) 10.90 3.9 (£)
0.0420 0.33 (a) 2.618 2.05 (a) 11.03 3.8 ()
0.0543 0.39 (a) 2.772 2.10 (a) 11.30 3.5 ()
0.0697 0.41 (a) 2.825 2.50 (c) 11.89 4.0 (£)
0.0851 0.41 (a) 2.880 2.43 @ 12.24 3.5 (e)
0.1128. 0.47 (a) 2.926 2.16 (a) 12.57 4.0 @)
0.1186 0.38 (b) 2.965 2.38 (b) 13.31 4.4 (£)
0.1313 0.45 (a) 3.00 2.23 (e) 13.67 3.8 (e)
0.1466 0.47 (b) 3.080 2.22 (a) 14.10 4.6 (£)
0.1467 0.48 (a) 3.14 2.00 (f) 14.12 3.9 {e)
0.1621 0.49 (a) 3.37 2.45 (d) 14.55 4.4 (@)
0.1775 0.51 (a) 3.38 2.20 £) 14.86 4.4 (b)
U.1786 0.45 (b) 3./3 2.45 (£) 15.28 3.9 (e)
0.2237 0.52 (a) 4.14 2.54 (d) 15.82 5.0 (£)
0.2825 0.55 (c) 4.27 2.67 @) 15.88 4.0 (g)
0.2853 0.58 (a) 4,45 2.70 £) 16.10 {4.8 (d)
5.7 £)

0.301 0.64 (b) 4.50 2.56 (e)
0.347 0.60 (a) 4.55 2.70 (f) 16.60 4.4 (e)
0.493 0.77 (a) 4.64 2.70 (d) 16.95 4.3 (c)
0.565 0.74 (c) 4,72 2.70 (£) 17.35 4.9 (d)
0.597 0.77 (b) 5.27 2.76 (@) 17.66 5.8 (£)
18.24 4.5 (e)

0.616 {0.88 (a) 5.34 2.80 (£)
’ 0.87 (a) 5.65 2.99 (c) 18.36 5.5 ()
0.770 {1.00 (a) 5.77 2.63 (b) 18.76 5.3 (d)
) 0.99 (a) 5.91 2.74 () 18.82 5.3 )
0.906 1.14 (b 5.97 2,74 (e) 19.49 5.8 - ()
19.63 5.1 (e)

0.924 1.12 (a) 0.16 2.95 (f)
1.078 1.23 (a) 6.24 2.9 d) 19.77 4.8 (c)
1.186 1.33 (b) 6.50 3.00 (£) 21.07 6.2 £)
1.232 1.34 (a) 6.81 3.05 (£) 22.07 6.0 (d)
1.2064 1.50 @) 6.94 3.0 (@) 22.60 5.5 ()
22.63 6.6 (£)

1.386 1.43 (a) 7.06 3.1 (£)
1.412 1.51 (c) 7.24 3.0 (d) 24 .42 5.7 (e)
1.44 1.69 (e) 7.58 2.95 (e) 25.42 6.1 (c)
1.486 1.46 (b) 7.77 3.2 (£) 25.71 7.3 £
1.540 1.52 (a) 8.37 3.3 ) 28.04 7.5 )
28.25 6.8 (c)

1.686 1.93 @ 8.42 3.3 (£)
1.694 1.61 (a) 8.48 3.2 (c) 28.33 7.9 (£)
1.695 1.40 £ 8.50 3.4 (£) 28.65 8.8 (b)
1.756 1.79 (d) 8.93 3.3 (b) 30.4 7.9 @)
1.848 1.69 (a) a 19 §3.5 £ 30.5 6.1 (g)
ot 3.1 (e) 31.1 7.5 (c)
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Table 1.22 (continued)

Values of W for oxygen for E/N < 57 x 10—17ch2

E/N W E/N \ E/N W
(10-17ch2) (106cm/sec) (10—17ch2) (106cm/sec) (10-17ch2) (106cm/sec)
33.9 8.2 (e) 42.4 9.8 (c) 48.0 10.8 (c)
36.4 9.2 ) 44.6 10.7 (d) 50.8 11.3 (c)
36.5 8.8 (d) 44 .8 10.9 (d) 52.9 11.6 (d)
36.7 8.7 (c) 45.0 8.8 (g) 53.7 11.7 (c)
39.6 9.3 (c) 45.2 10.3 (c) 56.5 12.0 (c)
Experimental:
(a) Nelson, et al., J. Chem. Phys. 57, 4079 (1972).
(b) Pack, as given in Hake, et al., Phys. Rev. 158, 70 (1967).
(¢) Herreng, Cahiers Phys. 38, 6 (1952).
(d) Nielsen, et al., Phys. Rev. 51, 69 (1937).
(e) Fleming, et al., J. Phys. D 5, 291 (1972).
(f) Doehring, Z. Naturforsch. 74, 253 (1952).
(g) Waidu, et al., J. Phys. D 3, 957 (1970).
Table 1.23
: ~17, 2
Values of W for oxygen for E/N > 57 x 10 ~'Vem
E/N w E/N w E/N A
(10—17ch2) (lOscm/sec) (10-17ch2) (108cm/sec) (10_17ch2) (108cm/sec)
60.7 0.113 (c) 159.1 0.227 (a) 404 0.41 {a)
75.5 0.130 (c) 175.2 0.237 (a) 439 0.41 (a)
90.9 0.145 (c) 189.1 0.256 (a) 453 0.46 (L)
92.8 0.169 (a) 197.0 0.259 (a) 499 0.45 (a)
98.8 0.176  (a) 204.3 0.272  (b) 516 0.43 (a)
105.9 0.162 (e) 204.9 0.275 (a) 547 0.49 (a)
106.7 0.181 (a) 219.8 0.278 (a) 561 0.47 (a)
113.7 0.187 (a) 224.9 0.288 (a) 672 0.58 (b)
121.5 0.194 (a) 233.7 0.292 (a) 698 0.55 (a)
121.7 0.178  (c) 249.5 0.30 (a) 803 0.64 (a)
126.1 0.198 (a) 259.6 0.32 (b) 1180 0.78 (b)‘
131.2 0.201 (a) 273.1 0.31 (a) 1973 1.03 (b)
135.6 0.192 (c) 288.9 0.31 (a) 2001 0.97 (b)
137.3 0.208 (a) 303 0.33 (a) 2885 1.18 (b)
144.3 0.213 (a) 332 0.40 (b) 3140 1.20 (b)
149.7 0.216 (a) 333 0.35 (a) 7106 1.82 (b)
150.3 0.203 (c) . 349 0.37 (a) 1293 2.60 {b)
153.1 0.220 (a) 364 0.38 (a) 2239 3.01 (b)
Experimental:

(a) Frommhold, Fortschr. Physik 12, 597 (1964).
(b) Schlumbohm, Z. Physik 182, 317 (1965).
(c) Naidu, et al., J. Phys. D 3, 957 (1970).
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Table 1.24

Values of WM for oxygen

(E/N Wy E/N iy E/N | Wy
JIQ' 7ch2) (107cm/sec) (10-17ch2) (107cm/sec) (10_17ch2) (107cm/sec)
1,067 0.062 12.70 0.41 28.73 0.56
i1.281 0.106 14.36 0.42 40.8 0.73
.1.502 0.134 14.78 0.43 42.0 0.75
72,533 0.203 15.14 0.43 42.6 0.75
:3.84 . 0.242 15.38 0.43 51.0 0.87
3493 0.250 15.53 0.43 53.6 0.85
6426 0.31 18.03 0.44 70.0 1.12
6.44 0.31 18.69 - 0.46 99.2 1.48
7:.33 0.33 18.84 0.47 118.9 1.72
9.00 0.36 20.33 0.48 119.6 1.76
~9.45 0.37 23.60 0.51 137.7 1.92
11.41 0.39 23.69 0.53 156.5 1.;5
11.86 0.40 25.09 0.54 174.6 2.35
Experimental: : :
" All data taken from Brose, Phil. Mag. 50, 536 (1925).
Table 1.25(a)
Values of W in carbon monoxide at 300 K
E/N W E/N W E/N W
(IOf;7ch2) (106cm/sec)' (10—17ch2) (106cm/sec) (10_17ch2) (lbecm/sec)
‘0.00901 0.032 0.1529 0.50 0.472 0.77
}0.01506 0.053 0.1990 0.61 0.556 0.76
30;0304 0.105 0.2462 0.69 0.630 0.76
0.0613 0.207 0.2971 0.74 0.810 0.76
0.0777 0.246 0.312 0.79 1.287 0.91
0.1236 0.41 0.387 0.78
Exberimental:
A1l data taken from Pack, et al., Phys. Rev. 127, 2084 (1962).
Table 1.25(b)
Values of W in carbon monoxide at 77 K
E/N . W E/N W ~E/N W
(10-17ch2) (1O6cm/sec) .(10-17ch2) (lOﬁcm/sec) (10—17ch2) (106cm/sec)
10.0450 0.093 - 0.2314 0.40 v 1.566 1.04
-+ 0.0600 0.133 - 0.43 2.195 1.249
0.0761 0.158 0.312 0.50 3.15 1.44
0.0918 0.196 0.472 0.56 8.05 1.945
0.1224 0.244 0.614 0.67 10.73 ©1.99
0.1571 0.35 0.950 0.83 16.01 2.22
1.090 0.88 26.06 2.71
IXperimental:

All data taken from Pack, et al., Phys. Rev. 127, 2084 (1962).
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Values of W in carbon monoxide at 195 K

J. DUTTON,

lable 1.25 (c)

E/N oW E/N E/N W
(10-17ch2) (106cm/sec) (10-17VC1112) (10-17"“‘2) (106cm/se<;)
_ X
0.01487 - 0.040 0.1549 0.455 0.67
- 0.02248 0.061 0.2284 0.638 0.64
0.02962- 0.078 0.301 1.573 ~0.96
0.0758 -~ 0.201 0.387
Experimental:
All data taken from Pack, et al., Phys. Rev. 127, 2084 (1962).
Table 1.26
Values of WM for carbon monoxide
E/N WM E/‘N ’ E/N WM -
10 Mven®)  (107cm/sec) 10" ven?) @0 ven”)  (107en/see)
0.319 ©0.065 2.551 20.41 0.32
0.638 0,087 5.10 40.8 0.46
1.276 0.119 10.19 81.6 0.72
' 163.3 1.44
Experimental:
All data taken from Skinker, et al., Phil. Mag. _4_»2, 630 (1923).
Table 1.27
Values of WM for mitric oxide
E/N Wy E/N E/N Wy -
a0 ven?)  obenssec) o ven?y o™ veny  (10%cn/sec)
1.280 2.02 14.99 6.0 31.9 6.7
2.377 2.39 16.09 6.1 33.7 6.8
4,21 - 2.98 17.28 6.3 36.1 7.0
5.85 3.5 18.10 6.3 38.7 7.2
7.04 3.9 19.29 6.4 41.7
8.96 4.4 21.03 6.4 4_5.2 7.9
10.79 5.0 23.13 6.4 47.7 8.2
11.88 5.3 25.32 6.4 50,2 8.4
13.07 5.6 26.60 6.5 52.8 8.7
14.17 5.8 28.71 6.5 55.6 9.0
30.7 6.6 59.5 9.3
Experimental:

All data taken from Bailey, et al., Phil. Mag. 17, 1169 (1934).
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Table 1.28

-17 2
Values of W for carbon dioxide for E/N < 25 x 10 " 'Vem

E/N \ E/N W E/N W
(]0_17ch2) (105cm/sec) (10_17ch2) (loscm/sec) (10_17ch2) (105cm/sec)
0.0311 0.056 (a) 0.759 1.35 (b) 3.64 6.5 (b)
0.0594 0.115 (a) 0.910 1.62 (b) 4,55 8.2 {b)
0.1506 0.283 (a) 1.214 2,16 (b) 6.07 11.3 (b)
0.301 0.56 (a) 1.517 2.70 (b) 7.59 14.5 (b)
0.303 0.54 (b) 1.820 3.2 (b) 9.10 18.2 (b)
0.364 0.65 (b) 2.124 3.8 (b) 12.14 27.3 (b)
0.455 0.81 (b) 2.43 4.3 (b) 15.17 40 (b)
0.546 0.97 (b) 2.730 4.9 (b) 18.20 55 (b)
0.607 1.08 (b) 3.03 5.4 ()] 21.24 68 (b)
Experimental:
(a) Pack, et al., Phys. Rev, 127, 2084 (1962).
(b) Elford, Austr. J. Phys. 19, 629 (1966).
Table 1.29
Values of W for carbon dioxide for E/N > 100 x 10_17ch2
E/N W E/N A\ E/N W
(10-17ch2) (lOscm/sec) (10-17ch2) (108cm/5ec) (10_17ch2) (lOgcm/sec)
1i4.4 0.134 (a) 909 0.46 (b) 3940 1.09 (b)
126.8 0.143 (a) 1212 0.55 (b) 4240 1.14 (b}
131.5 0.150 (a) 1516 0.62 (b) 4550 1.39 (L)
135.1 0.147 (a) 1819 0.69 (h) 4850 1.24 L)
147.7 0.162 (a) 2122 0.76 (b) 5150 1.28 ()
151.5 0.166 (b) 2425 0.82 (b) 5460 1.33 (b)
153.5 0.169 (a) 2728 0.88 (b) 5760 1.37 (b)
158.7 0.172 (a) 3030 0.94 (b) 6062 1.41 (b)
455 0.31 (b) 3330 0.99 (b)
606 0.36 (b) 3640 1.04 (b)
Experimental:

(a) Frommhold, Z. Physik 160, 554 (1960).
(b) Schlumbohm, Z. Physik 182, 317 (1965).
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Table 1.30
: ‘n=17 2
Values of W for air for E/N < 9.5.-x 10 ~'Vem
E/N W E/N : W E/N W
0 Vyen?) (10%cm/sec) 10" yen?) (10%cn/sec) 10 ven?y  (10%cm/sec)
0.292 0.39 (1) 1.409 0.86 (1) . 3.48 1.29 (1)
0.333 0.41 (1) 1.516 0.95 (b) 3.64 1.25  (a)
0.370 0.43 (1) 1.528 0.84 (a) 4.00 1.37 (1)
0.406 0.45 (1) 1.567 0.91 (1) 4,03 1.33 :(a)
0.452 Q.47 (1) 1.679 0.94 (1) 4.45 1.43 (1)
0.514 0.51 (1) 1.803 0.98 (1) 4.55 {1.50 (b)
0.565 0.53 (1) 1.828 0.89 (a) : 1.37 (a)
0.606 {0.51 (a) 1.849 0.93 (a) ~ 4.89 - 1,50 (1)
* 0.61 (b) 1.932 1.02 (1) 4,92 1.42 (a)
0.619 0.56 (1) 2.099 1.05 (1) 5.10 1.46 (a)
0.673 0.58 (1) 2.125 0.99 (a) 5.43 . 1.58 (D)
0.740 0.61 (1) 2.333 1.10 (1) 5.83 1.56 (a)
0.820 0.65 (1) 2.370 1.05 (a) 6.03 1.67 (1)
0.882 0.67 (a) 2.449 1.10 (a) 6.06 1.68 - (b)
0.912 0.68 (1) 2.529 1.14 (1) 6.55 1.70 (a)
©1.014 0.71 (1) 2.716 1.17 (1) 6.70 1.77 (1)
1.140 0.76 (1) 3.30 1.25 (b) 7.53 1.88 (L)
1.143 0.76 (a) 3.05 1.17 (a) 8.43 1.91 (a)
1.297 0.82 (1) 3.090 1.23 (1) 8.87 2.06 (1)
9.09 2.3 (b)
Experimental:
(a) Nielsem, et al., Phys. Rev. 51, 69 (1937).
(b) Hessenauer, Z. Physik 204, 142 (1967).
Theoretical:
(1) Heylen, Proc. Phys. Soc. (London) 79, 284 (1962).
Table 1.31
Values of W for air for E/N > 9.5 x 10—17ch2
E/N W E/N w ‘ E/N W
(10_17ch2) (107cm/sec) (10—17ch2) (107cm/sec) (10‘17ch2) (1O7cm/$ec)
9.98 0.222 (1) 43.3 0.73 1) 152.2 1.67 (a)
11.51 0.244 (6] 47.5 0.78 (1) 160.6 1.89 (b)
12.76 0.264 1) 52.8 0.86 1) 167.2 1.85 (a)
13.87 0.283 (1) 56.6 0.90 {1) 171.6 1.94 -+ (b)
15.42 0.31 1) 62.2 0.97 @) 183.1 1.94 (a)
16.94 0.34 1) 67.6 1.04 1) 189.7 2.11 {b)
18.58 0.37 1) 75.0 1.12 @) 197.2 2.04 {a)
20.18 0.40 1) 82.4 1.20 1) 199.8 2.19 (b)
22,18 0.43 1) 90.6 1.28 1) 223.0 2.39 (b)
24 .04 0.46 (1) 103.0 1.40 (1) 233.5 2,48 (b)
26.42 0.50 (1) 106.3 1.25 (a) 234.2 2,32 (a)
29.38 0.54 (1) 114.2 1.30 (a) 241.6 2.52 (b)
33.4 0.60 (1) 122.1 1.31 (a) 258.0 2.69 (b)
36.3 0.64 @) 137.2 1.51 (a) 270.6 2.81 )
39.8 0.69 1) 140.8 1.62 {b) 274.9 2.77 (a)
295.9 2.99 (b)

Experimental:

(a) ‘Frommhold, Fortschr. Physik 12, 597 (1964).
(b) Ryzko, Proc. Phys. Soc. (London) 85, 1283 (1965).

Theoretical:

(1) Heylen, Proc. Phys. Soc. (London) 79, 284 (1962).
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Table 1.32

Values of W for air

E/N W, ' ' E/N

‘rﬁ’l E/N WM
'(lﬁflqw_:mz) (.L07‘cm/sec) (lU-UchQ) (lU7cm/sec) (it‘)_1 7chz) (107cm/ sec)
0.589 0.0277 (a) ‘ 10.02 0.231 (a) 33.2 0.56° (a)
1.178 0.078. (a) 10.80 0.227 (a) 44.3 0.73 )
1.218 0.102. (b) 11.81 0.295 (b) 49.1 0.77  {(a)-
1.473 0.068 (a) 12.67 0.256 (a) 49.5 ©0.76  (a)
2.160 0.083 (a) 13.45 0.288 <(a) 59.2 0.89 (b)
2.624 0.136 (b) - 14.51 0.302 {(a) 60.5 0.95 (a)
3.04 0.135 (a) 16.20 '0.32 (a) 62.6 0.94 (a)
3.34 0.119 (a) 16.99 0.32 (a) 65.3 0.88 (a)
4.81 0.158 (a) 17.81 0.38 (d) 65.6 0.95 (a).
5.72 0.198 (b) 18.36 0.36 (a) 68.9 0.95 (a)
5.986 0.175 (a) 19.15 0.36 (a) 74.0 1.04 (b)
'5.99 0.174 (a) 23.52 0.47 (®) 95.5 1.30 (a)
7.37 0.197 (a) 24.75 0. 44 (a) 126.9 1.64 (a)
8.05 10.212 (a) 29.52 0.55 (b) ©131.8 1.53 (a)
8.15 0.196 (a) 30.1 0.53 (a) 193.4 1.99 (a)
8.72 0.246 (b) 31.2 0.54 (a) 256.3 2.46 (a)
+8.95 0.217 (a) 32.1 0.55 (a) 468 3.55 (a)
619 4.49 (a)
Experimental:

:(a) Townsend, et al., Proc. Roy. Soc. (London) Ser. A 88, 336 (1913).
(b)  Huxley, et al., Proc. Roy. Soc. (London) Ser. A 196, 402 (1949).

3.2. (Diffusion Coefficient)/Mobility

As au clectron swarm drifts with a velocity W under
the-influence of an electric field E, it also diffuses due
10 the agitational velocity of the electrons. The diffusion
n. ‘characterized by a diffusion coefficient D defined by
~the-equation

j==—DVn, )

where-j-is the number of electrons flowing normally
#Cross unit area per second due to the density gradient
.of the electrons. At very low electric field strengihs, the
'.,giiﬁ'ﬁ'_"sion is symmetric and D is a constant independent
“of direction. As the electric field strength increases from
‘very-low values, the diffusion becomes asymmetric and
" ihe diifusion cveflicient becomes a tensor, with com-
‘ponents Dy and D, transverse to and along the direction
of-E, tespectively.
A useful and widely measured parameter of an elec-
tron-swarm' is the ratio /Dy, because
i) it is directly related to the mean energy of the
swarm; .
ii)-it- can ‘be related to the collision cross section
" (see-eq (8)), and
iii) ‘when taken together with measured values of W,
" it gives values of D, which is a difficult parameter
to measure directly.

The equation relating /D, 1o mean energy may be
written as

W[Dy= (2F/3k) (Ee/kT'), ®)

where k is Boltzmann’s constant, T is the absolute
temperature and, k is the so-called Townsend energy
factor which is defined ag the ratio of the mean energy
of the electrons to that of gas atoms at 15°C, and F is a
dimensionless constant that depends on the energy
distribution (see L. G. H. Huxley and R. W. Crompton,
in Atomic and Molecular Processes, D. R. Bates, ed.,
Academic Press, New York, 1962, pp. 336-73); F
takes the value 1.5 for a Maxwellian distribution and
1.312 for a Bruyvesicyn distribution. o

If E is in V.cm™?, the other quantities in cgs units and
T=288 K is adopted as a standard temperature, eq (5)
becomes

W/Dr=40.3 (E/k:), 6)

where

1= 3K/2F.
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In order to relate /D to the collision cross section,
the expression

D= (4m/3N) f:(cs/qm)fdc; @

which relates the diffusion coefficient to atomic param-
eters, may be used in combination with eq (1) to give

L (¢ qm)fde
[ taw) (appacrae

DE|W =— (m/e) @®

which has been used [see, e.g., 1062, 2433] to obtain
information about ¢, from data on electron swarms.

Experimentally, /D is determined by means of the
Townsend method (see J. S. Townsend, Proc. Roy.
Soc. A80, 207, 1908; A81, 464, 1908) in which the
distribution of the electron current over a given plane
perpendicular to the direction of drift of an electron
swarm originating at a point or line source is measured.
There are considerable difficulties in the analysis of
such measurements, but recent discussion (Crompton,
Australian J. Phys. 25, 409, 1972) has shown that
despite these difficulties the values obtained are valid
in most cases.

The parameter determined is /D, but as can be seen
from eq (6) this quantity depends on N as well as on
E/N. Thus the results of the experiments are usually
given in terms of the parameter

D<E|W =D+/u,

where = W/E is the electron mobility. Alternatively,
the results may be expressed in terms of

ec=e(Dr/pn),

which is usually known [260] as the ‘‘characteristic
energy,” because, as can be seen from eq (5), it is
related to the mean energy. Both €, and D;/u aré
functions only of E/N; the value of €, in electron
volts is, of course, the same as that of Di/u in volts.

Recently, measurements have also been made [see,
e.g., 3313] of W/D, (where D, is the longitudinal diffu-

atan oo olont ——mal e 111

sion cocfficicnt in a direction parallel o the eleciric
field) using time-of-flight methods.

Values of D/u for all the gases with which this survey
is concerned and of D, /u where available are given in
the following sub-sections.

3.2.a. Vaives of D/u and of D;/u — Helium

A critical examination of the Townsend method

by Crompton, Elford, and Jory [2433; see also 1622 and
1438] has shown that it is possible, provided sufficient
care is taken particularly in relation to field uniformity,
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to obtain values of Di/u with an error of less than
1 percent. Their results for helium [2433] are shown in
figure 2.1(a). Also shown are the earlier experimental
data [1036, 201], some of which [1036] required an
empirical correction for geometrical distortion. Both
Crompton et al. [2433] and Frost and Phelps [1062]
obtained theoretical values by using the value of g,
discussed in section 3.1.a and the agreement obtained
with their experimental values is shown in figure 2.1(b).
As shown in figure 2.2, there is also good agreement
between experimental [1036] and theoretical [1062]
values of Di/u obtained at a temperature of 77K.
Sets of values of D1/u both at ambient temperature and
77 K are given in table 2.1.

There have also been recent measurements [3313]
of D, /u for helium using a time-of-flight method and the
values obtained are given in hgure 2.1(a) and table 2.2.
(The temperature to which the values of E/p given in
this paper correspond is not clear, but later work [see
5135] shows it was probably 27 °C so this temperature
was assumed here and wherever it is referred to in the
rest of this section.) Also shown in figure 2.1(a) are the
theoretical values obtained by Lowke and Parker [4052]
using the values of ¢, obtained in [2433]}. There is agree-
ment to within about 15 percent between theory and
experiment.

3.2.b. Values of D;/u— Neon

There are very few data available for Dy/u for neon.
The only experimental measurements are thuse of
Bailey [2280] on neon containing 1 percent helium.
These results are shown in figure 2.3 together with the
available theoretical values [273, 2250] which were
obtained using the enpergy distribution of [1388)] and
various assumed cross sections. Using values of the
momentum transfer cross section obtained from drift
velocity measurements, Robertson [4862] calculated
values of D/ which are stated to be about 20 percent
below Bailey’s values. Since Robertson finds the values
of Do/px very sensitive to nitrogen impurities he suggests
that molecular impurities in Bailey’s gas samples might
account for the difference.

There are no experimental or theoretical values of
D\ /u available for neon.

3.2.c. Values of D/u ond Dy /1~ Argon

There have been two experimental investigations of
Dy/p for argon, the early results of Townsend and
Bailey [199] covering the range 3X 10~ < E/N < 6 %
10-% V c¢m? at room temperature, and the more recent
data of Warren and Parker [1036] in the range 4.5 X
10-21 < E/N< 1.3 X 10718 V c¢m? at temperatures of
77 K and 87 K. Both sets of data are shown in figure
2.4 and tabulated in table 2.3. The theoretical results of
Engelhardt and Phelps {292] calculated using the values
of gm, discussed in section 3.1.e are also shown in figure
2.4. There is good agreement between theory and experi-
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mi*m_except in the range of E/N from about 3 X 10-18 10

Recent theoretical values of DL/# for argon at .a
iemperature of 77 K, calculated [4052] using the above
mentioned cross sections [292] and also the cross sec-
tions obtained by Golden (Phys. Rev. 151, 48, 1966),
sre ‘shown'in figure 2.5. It can be seen that the results
differ for values of E/N between about 10~2° and 10-19
V:¢m?2; but agree at higher values of E/N where they lie
i‘)niow..the» recent experimental results [3313] obtained
at :ambient temperatures. These experimental and
theoretical data are given in table 2.4. :

~At-higher-values of E/N, Wagner [4971], from observa-
mm ‘of -the drift and diffusion of pulsed electron
hvnlanches, gave values for Dy/fu=6.3%=1.1 for 72X
W1 <E/N<136X10-17V cm?

3.2.0. Values of Dy/u and Dy /p~Krypton and Xenon

The only available experimental result for D/u for
'k‘._r’y__pton" and xenon is a value of about 3.1+0.9 V for
Dylp - for E/N in the range from 120X 1017 to
275%10-17 V cm? obtained [4971] from observations on
..illi]ﬂéd avalanches. .

At lower values of E/N (<3X10-17 V cm?) theo-
rvncal values of D.;/p were obtained by Frost and Phelps
4 ]062] ‘and of Dy/u by Lowke and Parker [4052] using
ihie -Cross sections mentioned in section 3.1.g. These
thoretlcal values are shown in figure 2.6 and glven in
»1ub]es 2.5 and 2.6.

3.2.e. Valves of D/p and D /p.— Hydrogen

“There have been a relatively large number of in-
vestigations of Dfu for hydrogen and the results at room
‘lemperature may most conveniently be considered in
Twor regions of E/N, above and below E/N =10-1
Y -em?. The results in the region of E/N below 10-1¢ V
‘em? are shown in figure 2.7. The most recent data [2992]
Aot Di/pu are accurate to within =1 percent; at the
‘higher: values of E/N, these data agree with the earlier
.dnta-[1438, 689, 352] obtained in the same laboratory
.nnd at the lower values of E/N, are regarded as more
(_ILL_L_II‘,ate. Thus to avoid confusion they are the only
‘results of Crompton’s group shown on the figure. It can
“be-seen that all the experimental resulis [2992, 736, 195]
. f«)i‘"DTiy shown in figure 2.7 are in good agreement at
thehigher values of E/N, but that the results of [736]
nioreéemgly diverge from the others as E/N decreases.
T heoreucal values [181] calculated using the cross
:sections referred to in section 3.1.h are in good agree-
ment with the recent experimental data and are shown
.n-figure 2.7. The numerical values given in table 2.7 for
EIN:<7X10-17 V em? are those of {2992].
.- The recent experimental values [3313] of D,/u for
“hydrogen are ‘shown in figure 2.7, together with the
rcs_cerit-, theoretical values [4052] obtained using the
‘same -cross sections as those used for the calculation of
D:/pn. The experimental values of Dy /u are also given
in-table 2.8.

Results for Dr/pu and Dy /p at-values of E/N > 10=16V
cm? are shown in figure 2.8. Ionization processes begin
to become important in hydrogen when E/N > 5.6 X
10-1¢ V. cm?. Some of the results [1437, 1778, 5230,
5234] were obtained using an analysis taking ionization
into account, whereas no account was taken-of ionization
in [195] and an unspecified correction for ionization was
made in [3303]. The cross sections which gave theoretical
jonization coefficients in good agreement with experi-
ment (see sec. 3.7.b(i)) give theoretical values [260] of
D/ much higher (up to 40 percent greater) than the
experimental values and are not shown. The experi-
mental values of Dq/j obtained taking ionization into
account are included in table 2.7.

Schlumbohm [1625] determined the pulse shape of
electron avalanches in a uniform field electrode system,
so that his values of D/u, which are also shown .in
figure 2.8, represent values of Dy /u.

The two sets {2992, 1036] of available experimental
dara for Dy/p at 77 K are in good agreement with one
another, although that given.in [1036] is based on an
empirical calibration of the apparatus used. The values’
are shown, together with the theoretical values [260]
for this temperature, in figure 2.9. A set of numerical

_values is given in table 2.9.

3.2.f. Values of Dy/u and D,/ — Nitrogen

It is convenient to consider the results for Di/u.
obtained for nitrogen in two ranges, above and below
a value of. E/N of about 14 X10-17 V ¢m?2. The results
for E/N<14%X10-17 V cm? at ambient temperatures
are shown in figure 2.10. The most recent results [689
and 1429] have an estimated error of less than 1 percent
and these are tabulated in table 2.10. Small differences
between these results and some of the earlier data {736
and 352] are ascribable to differences in purity of the
gas. Commercial tank nitrogen with an impurity level -
of about 5 in 103 was used in the earlier work compared
with samples containing impurities of a few ppm in the
later experiments.

Also shown in figure 2.10 are the theoretical values
obtained [181, 4052] by numerical solution of the
Boltzmann equation.

The most recent experimental daia [3303] for Dyfu
at values of E/N>14X10-17 V c¢m?2 show that the re-
sults for spectroscopically pure nitrogen agree with
those for tank nitrogen in this range. These resnlts are
shown, together with earlier experimental data.and
theoretically computed values [4052] in figure 2.11. The
experimental data are also given in table 2.10.

There are also both experimental [1036] and theo-
retical [218] results available at 77 K for the low E/N
range. These are shown in figure 2.12 and a set of
numerical values tabulated in table 2.11.

There are two sets of experimental data [1833, 3313]
available for Dy/u for values of E/N <14X10-17V c¢m?
at room temperature and these are given in figure 2.13
where they are compared with theoretical results {4052]
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obtained by numerical integration of tl'le‘Boltzmann
equation.

For higher values of E/N there is only one set of
xperimental. data [1625] available and these results
ire compared with theoretical values [5233] obtained
by Monte Carlo methods in figure 2.14 (a temperature
of 0 °C has been assumed in reducing the values of
Ejp given in this theoretical paper to E/N). The theo-
retical values obtained from integration of the Boltzmann

~equation [4052] for values of E/N >14X10-* V ¢cm?
are also shown in figure 2.14.

Table 2.12 gives a set of numerical values for D ju

for the whole range investigated.

3.2.g. Values of Dr/u and D, /u— Oxygen

The available data for D/p for oxygen are given in
figure 2.15 and show that the more recent results [649,
1269, 5226] which have a quoted error of less than about
3 percent lie considerably above the early values [195,
2089] for E/N > 5% 10-'" V ¢cm”. In an attompt to over-
come some of the difficulties experienced in obtaining
values of Dy/u for electrons in the presence of negative
ions, measurements have also recently been made [4901})
in oxygen containing 1.7 percent hydrogen. The presence
of the hydrogen rapidly removes O~ ions by an associa-
tive detachment reaction. These results for Dy/u are
also shown in figure 2.15 and can be seen to be in good
agreement with the recent determinations in oxygen
alone.

It has also been shown {2553] that a self-consistent
set of values of the cross sections involved can be found
that gives theoretical values of Dyfu in good agreement
with the recent experimental values. These theoretical
values are also shown in figure 2.15.

A set of values of Dr/u throughout the range of
E[N investigated is given in table 2.13.

Experimental results for D./u at very low values of
E/N have recently been obtained using the drift-dwell-
“drift method (see section 3.3.a). These values are shown
in figure 2.16 where they are compared with theoretical
values [4052] which have been obtained over the range
10-18 < E/N <10~V cm? using numerical integration
of the Boltzmann equation. The disagréement between
experimental and theoretical values suggests that some
revision of the cross sections used in the theoretical
calculations is necessary.

Schlumbohm [1625] obtained values- of Dlp. from
investigations ‘of avalanche shape at relatively high
values of E/N >10-1 V cm2. This type of experiment
also gives values of D, /u and the results are shown in
figurc 2.17.

A compeosite set of tabulated values of D, /u for oxygen
is given in table 2.14. :

3.2.h. Values of D/u and of D, /u— Carbon Monoxide

The only data at room temperature (unspecified)
available for carbon monoxide are those of Skinker and
White [200] for D¢/w shown in figure 2.18. Also shown
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in figure 2.18 are the more recent results of Warren-and
Parker [1036] which were obtained at a temperature of
77 K using an apparatus that required empirical calibra

- tion because of slight field distortions. The theoretica

values obtained for 77 K by Hake and Phelps [2553] and.
for 293 K by Lowke [4052] using the cross sections of
Hake and Phelps are also given in figure 2.18 and can:
be seen to be in good agreement with the experimentak
values.

Sets of values of D/ at room temperature and at!
77 K are given in tables 2.15(a) and (b), respectively.

There is one set of experimental data [3313] available
for Dy/u. This was obtained at 293 K and is shown
together with theoretical values [4052], obtained at both
293 K and 77 K, in figure 2.19.

Sets of values of Dy/u are tabulated in tables 2.16(a]
and (b) for temperatures of 293 K and 77 K, respectively.

3.2.i. Values of Dy/u~— Nitric Oxide

The only published data on Dju available for nitric
oxide are the early experimental results of Skinker and
White [200] and of Bailey and Somerville [2385] for
Dy/u. Although, as can be seen from figure 2.20, there
is fair agreement between the two sets of data, it should
be noted that the results of Skinker and White showed
a marked dependence of Dr/u on pressure, especially
at the low values of E/N, probably because of the forma-
tion of negative ions.

3.2.j. Values of D1/u ond Dy /u—Carbon Dioxide

Measurements of Dy/p for carbon dioxide have been
made over the range 5.6 X 10~ < E/N <1.4X10-BYV
cm?. Recent work [2140] has shown experimentally that
below values of -E/N of aboul 14X 10-*7 V cm? attach-
ment has negligible influence on the results obtained.
Several sets of data [159, 198, 736, 1036, and 2140] have
been obtained in this range. but only those of Rees
[2140] and of Warren and Parker [1036] extrapolated
approximately to the expected value of Dy /u (see:3.3)
at low values of E/N and these results are shown in
figure 2.21 and given in table 2.17.

. At higher values of E/N, it was shown that under the
experimental conditions used in [2140] the effect of
attachment continued to be negligible up to a value of

"EIN of about 56X 101" V cm?, and the various sets of

results [2140, 1036, 198, 159] (the data for D¢/u ascribed
to (159] are actually given in Healey and Reed, The
Behavior of Slow Electrons in Gases, 1941, p. 98) are
seen in figure 2.22 to be in good agreement in this
region.

At values of E/N greater than about 56 X 10-17V cm2
the results obtained in [2140] showed that processes of
both attachment and ionization become significant and
that values of ionization coefficients and attachment
coefficients are required for the analysis of the results.
As a result, the values of Dy/u are not accurately
established in this region. The results of [2140] given in
figure 2.22 were obtained using an expression that took
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ibnization but not attachment into account. The magni-
iude -of -the further correction required for attachment
I hcértain, because values for the attachment coeffi-
iient are not accurately known. The values of Dr/u at
ie hlgher values of E/N obtained in [2140] and given in’
flgure '2.22 are probably too low by an amount varying
bc*tween 4 percent and 9 percent depending on the
val es-used for the attachment coeflicient. As can be
seen “from figure 2.22, the data of [198], in which there
in-no ' discussion of ionization and attachment processes,
nre: somewhat lower at these higher values of E/N.

The ‘variation - of Dqfu with temperature was in-
ws’tiga’ted experimentally by Warren and Parker [1036]
ziha‘:_the'results are shown in figure 2.23 where it can be
weeri that they are in good agreement with results calcu-
Iﬁléd'by Hake and Phelps [2553] using a-self-consistent
set-of - collision cross sections.

“Sets of numerical values of D/u at ambient tempera-

sures and 195 K are given in tables 2.17(a) and (b),
p respectlvely

At relatively low. values of E/N <10-%V cm? there
xistsone published set of theoretical values [4052]
af- By fu for CO; and these are compared in figure 2.24
with the experimental data [1833, 3313] which are
'avallable over a more limited range.

The only values of Dy /u at high values of EIN > 10~

bobm' [1625] from the analysis of the arrival times of
electrons in an avalanche and these values are shown in
figure 2.25. Table 2.18 gives a set of values of Dy /u in
CO..

3.2.k. Values of Dr/u— Air

Recent values [2813, 2097] of D/p with an estimated
error of +2 percent, obtained for dry air, from which
CO; had been removed, are given in figure 2.26 and
table 2.19. (In the region of overlap both sets of
results agree and for clarity only those of [2097] are
included in the figure.) These results are in good agree-
ment with the later results of Rao [5247] and the early
work of Bailey [1332] (not shown) if the temperature in’
the latter work is assumed to be 15 °C. As can be seen
from figure 2.26, Townsend and Tizard’s [2104] early
results for dry air lie considerably below the recent
values, possibly because the CO;, which is expected
to reduce the mean energy of the electrons, was not
removed in this case. Above E/N of about 10~V cm?
ionization becomes significant and may have affected
the results of [2104].

There are no published theoretical values of Di/u
available. Neither are there any published data for

¥:¢m? in carbon dioxide are those obtained by Schlum- Dy /.
E/p° (V/em torr)
1073 1072 10 - 10°
LALLLLLUINS B L U B B N0 | SO B IR B B T
— ++ -
| +
100 | 93’9 =
= O} 3
- § o8 z
= - & 3
= N aq i
g §F 4 7
= - X A -
N ¢ iq
o Oy/u ¢ I
10.1 - Ta@’ . =
F +4F F o p
- f' ' :
[ ¢ . .
= ;s"' . g =
. w ot s§°ﬁi ﬂi 7
R N T A NI 1T N A
102 10718 10718 1077 10716
E/N (V cmd) ;
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FIGURE 2.1(a). Dq/p and Dy/p as functions of E/N for helium at ambient temperature.
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Ficure 2.1(b). Comparison of experimental and theoretical values of D/u for helium at ambient
temperatures.

E/p° (VZem torr)
1074 10°3 1072 107! 10°

|14 T rerimmm LR RARALL T T LI l11|[ll]H‘]
i 0
[ -
YE o 3
" X 3
B A .
: L o i
s )

107 E ! =
e - llllg pm
s b Iy -

: p‘ :
- ‘ —
'l
102 k£ lnl,.m"' =
- 1 X rx @F -
[ 1 l?llh ° xl Lttty I EERIIH 1 1 pitiltl L 11T
10720 10718 10718 1o
E/N (V cm?)

Experimental: x Warren(1036).
Theoretical: O Frost(1062).

FIGURE 2.2. D/u as a function of E/N in helium at 77 K.
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Theoretical: - + Orient(2250); x Allen(273).

FIGURE 2.3. Dq/p, EIN for neon. (The experimental results are for neon containing 1 percent helium.

The temperature 1o which the values of E/p correspond in [273] is assumed to be 14 °C.)
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FiGURE 2.4. Dqjp, E/N for argon at various temperatures.
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‘FIGURE 2.6. Theoretical values of Dyfp and Dy/p for krypton and xenon.
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FIGURE 2.7. Dy/p and D1/ as functions of E/N for hydrogen at room temperature for E/N <101V
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FIGURE 2.8. D/u and Dyju as functions of E/N for hydrogen at room temperature for E/N > 10—V
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FiGURE 29. Dq/u vas a funetion of E/N for hydrogen at a temperature of 77 K.
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FiGURE 2.10. Dy/u, E/N for nitrogen for E/N < 14.1 X 10-17 V cm? at ambient temperature.
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FIGURE 2.11. Do/p, E/N for Ny for E/N > 14X 10 '* V em? at ambient temperature.
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FiGURE 2.12. Dy/u, E/N for nitrogen at a temperature of 77 K.
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FIGURE 2.13. Dyfu, E/N for niﬁogen for E/N < l‘i-X 1077V cm2.
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FIGURE 2.14.- D\/u, E/N for nitrogen for E/N > 14 X 10~ V cm?2.
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F1GURE 2.15. D+fp, E/N for oxygen.
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FiGURE 2.16. Di/u, E/N for oxygen for E/N <3X10-17 V cm?.
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FIGURE 2.17. Experimental D\/u, E/N for oxygen for E/N >10-15 V cm2,
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F16URE 2.18. Dy/u, EIN for carbon monoxide at ambient temperatures and 77 K. (A temperature of

15 °C was assumed for the conversion of the values of E/p given in [200] to values of

EIN.)
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FIGURE 2.19. Dy/u, EIN for carbon monqxide at 293 K and 77 K.
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FIGURE 2.20. Experimental Do/, (E/N) gy for nitric oxide. (A temperature of 15 °C was assumed in
both cases to convert the given values of E/p to values.of iE/N.).
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FiGURE 2.21. Experimental Dy/u, E/N for carbon dioxide for E/N < 14X 10-17 V cm?.
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FIGURE 2.22. Experimen‘tal Dy/u, EIN for carbon dioxide for E/N > 14 X 10-7 V cm2.
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FIGURE 2.23. Dq/u, E[N for carbon dioxide at various temperatures.
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FIGURE 2.24. Dy/u, EIN for carbon dioxide for EIN <107 V cm?,
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FiGURE 2.25. Experimental D,/u, E/N for carbon dioxide for E/N > 10-5 V eme.
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Experimental: O Crompton{2097); & Rees(2813);
+ Townsend(2104).

FIGURE 2.26. Experimental Dy/u, E/N for dry air. (The data rof [2097] and {2813] refer to dry air with

CO; removed, whereas the data of [2104] refer to dry air containing CO;. The temperature
assumed for the conversion of E/p to E/N in [2104] is 15 °C.)
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(a) Warren, et al., Phys. Rev. 128, 2661 (1962), data taken at 300 K.

(b) Crompton,
Townsend,

(c)

et al., Austr. J. Phys. 20, 369 (1967), data taken at 293 K.
et al., Phil. Mag. 46, 657 (1923), data taken at 288 K.

ELECTRON SWaARM ‘DATA 649
Table 2.1(a)
Values of DT/u for helium at ambient.femperatures
E/N .DT/u | E/N ~DT/u E/N DT/u
0™ vem?y aolv 10" yem?) o tvy 10" vem?) o lvy
0.001133 0.203 (a) 0.02124 0.302 (b) 0.455 2,170 (b)
+0.001804 0.234 (a) 0.02430 0.313 (b) 0.546 2,545 (b)
0.002834 0.256 (a) 0.02730 0.325 (b) 0.607 2.789 (b)
0.00360 0.255 (a) 0.0303 0.337 () 0.759 3.400 (b)
0.00515 0.254 (&) 0.0364 0.362 (b) 0.910 3.990 (b)
0.00543 ©0.254  (a) 0.0455 0.400 (b) 1.214 5.20 (b)
+0.00720 0.260. (a) 0.0546 0.441 (b) 1,517 6.40 (b)
0.00776 0.260 (a) 0.0607 0.468 (b) 1.820 7.55  (b)
0.00823 0.262 " (a) 0.0759 0.534 (b) 2.124 8.76 (b)
0.01133 0.271 (a) 0.0910 0.604 (b) 2.43 3.96 (b)
0.01177 0.266 (a) 0.1214 0.741 (b) 2.730 11.17 4b)
0.01242 0.275 (a) 0.1517 0.874 (b) 3.03 12.41  (b)
0.01645 0.279 {(a) 0.1820 1.01 (b) 5.02 22.8 ()
0.01707 - 0.284 (a) 0.2124 1.141 (b) 8.35 33. ()
0.01773 0.280 (a) 0.243 1.271 (b) 10.07 36 (c)
0.01804 0.295 (a) 0.273 1.405 (b) 12.52 - 39. ()
0.01878 0.295 (a) 0.303 1.536 (b) 15.80 44, (c)
0.364 1.792- (b)
 Experimental:
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Table 2.1(b)

Values of DT/u for helium at 77 K

E/N D /u E/N D/ E/N D /n
@0 T yen?y 1o lyy 10" yem?) o lvy 10" Myem?) ao 1y
0.0002943 0.066 0.00882 0.094 0.0615 0.34
0.000463 0.065 0.00959 0.096 0.0751 0.41
0.000537 0.063 0.00990 0.098 0.0779 0.40
0.000736 0.067 0.01158 0.113 0.0820 0.45
0.000820 0.064 0.01161 0.093 0.0829 0.44
0.000844 0.063 0.01183 0.104 0.0844 0.48
0.001158 0.069 0.01236 0.115 0.0882 0.47
0.001236 0.066 0.01288 0.112 0.0959 0.49
0.001288 0.065 0.01344 0.116 0.0990 0.52
0.001344 0.065 0.01416 0.116 0.1161 0.58
0.001475 0.067 0.01475 0.129 0.1183 0.61
0.001940 0.066 0.01506 0.118 0.1236 0.635
0.001984 0.066 0.01524 0.120 0.1288 0.67
0.002052 0.066 0.01822 0.133 0.1344 0.73
0.002105 0.070 0.01984 0.144 0.1416 0.71
0.002114 0.069 0.02052 0.150 0.1506 0.77
0.002689 0.069 0.02114 0.156 U.1524 0.75
0.002943 0.071 0.02151 0.150 0.1822 0.88
0.00301 0.070 0.02397 0.160 0.1940 0.95
0.00309 0.068 0.02689 0.185 0.1984 0.96
0.00311 0.070 0.02903 0.187 0.2052 1.02
0.00323 0.071 0.0301 0.19 0.2151 1.05
0.00385 0.074 0.0305 0.190 0.2397 1.11
0.00410 0.074 0.0309 0.203 0.2903 1.35
0.00463 0.077 0.0311 0.199 0.301 1.42
0.00475 0.077 0.0323 0.206 0.305 1.38
0.00484 0.077 0.0385 0.248 0.309 1.44
0.00497 0.074 0.0410 0.250 0.311 1.45
0.00537 0.080 0.0435 0.254 0.456 2.03
0.00587 0.080 0.0456 0.270 0.472 2.12
0.00608 0.094 0.0475 0.279 0.497 2.19
0.00615 0.081 0.0484 0.286 0.581 2.5
0.00736 0.090 0.0497 0.286 0.609 2.6
0.00751 0.084 0.0537 0.32 0.668 2.9
0.00779 0.088 0.0581 0.33 0.829 3.4
0.00820 0.089 0.0587 0.33 0.916 3.8
0.00844 0.092 0.0608 0.33 1.161 5.2
Experimental:

All data taken from Warren, et al., Phys. Rev. 128, 2661 (1962).
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